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Abstract 
 
Demands for increased fuel efficiency and reduced greenhouse gas emissions led to the 
need for weight reductions in automotive applications. Because of this, high-pressure die-cast 
magnesium alloys have attracted a lot of attention for automotive structural applications due 
to their low density (~ 1.8 g/cm3) and high specific strength. Replacement of heavy structural 
components made from aluminum alloys (~ 2.7 g/cm3), steel and cast iron (~ 7.2 g/cm3) with 
die-cast magnesium alloys can offer significant potential for weight reduction. 
Structural alloys must have high levels of strength and ductility for energy absorption in 
vehicle crash situations and for manufacturing processes, such as self-piecing riveting. In 
order to improve the mechanical properties of existing high-pressure die-cast magnesium 
alloys for potential structural applications, it is important to first understand how these alloys 
deform under loading which forms the basis for this research. 
The primary aim of this research is to investigate the mechanical properties and 
deformation behaviour of commercial high-pressure die-cast magnesium-aluminium based 
alloys Mg-4Al-0.3Mn (AM40), Mg-6Al-0.3Mn (AM60), Mg-9Al-1Zn (AZ91) and Mg-4Al-
4RE (AE44) at a broad strain-rate range 10-6-10-1 s-1. Both strain rate and aluminium content 
(main alloying element in these commercial alloys) are important considerations in the design 
of structural alloys. 
Magnesium alloys have a complex progression of deformation mechanisms due to their 
hexagonal closed-packed crystal structure. This type of crystal structure does not provide 
sufficient independent basal slip systems to satisfy the von Mises-Taylor criterion and the 
non-basal slip mechanisms (<a> prismatic and <c+a> pyramidal) only activate at higher 
stress levels at room temperature. Hence, twinning is activated to accommodate plastic 
deformation during loading. Twinning in magnesium alloys is unstable in the deformed state 
and twinning can partially revert during unloading, consequently a large part of the non-linear 
deformation becomes reversible (anelastic deformation). The deformation behaviour of 
magnesium alloys can therefore be separated into three stages: elastic, anelastic and plastic. 
Compared to elasticity and plasticity, relatively less attention has been paid to the anelasticity 
of magnesium alloys, which manifests as non-linearity or hysteresis loop in the loading-
unloading stress-strain curves. The complex deformation behaviour of die-cast magnesium 
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alloys requires further investigation, especially on the effects of strain rate and aluminium 
content. 
In the first study of this research, the effect of anelasticity on the proof stress 
measurement of magnesium alloys was investigated. Four standardised proof stress 
measurement methods were critically reviewed and inconsistencies were found between these 
methods. It was observed that anelasticity led to ambiguities in proof stress measurement of 
magnesium alloys. To correct for anelasticity, a more pragmatic approach of using a higher 
offset strain of 0.45% to achieve 0.2% residual plastic strain in proof stress measurement was 
proposed for die-cast magnesium alloys. This study is important as it proposes a more 
consistent proof stress determination method for die-cast magnesium alloys which allows 
better comparison of alloy’s properties for engineering applications. The outcome of this 
study provides an understanding of the effects of <a> basal slip and reversible twinning on 
the proof stress of magnesium and alloys. 
The second study investigated the effects of strain rate and aluminium content on the 
deformation behaviour of these commercial alloys at strain rates 10-6-10-1 s-1. In this study, 
alloys with lower aluminium contents in solid solution exhibited higher strain-rate sensitivity, 
and strain-rate sensitivity was observed to manifest as an increase in work hardening and 
tensile/yield ratio. This suggests that the performance of magnesium alloys in terms of energy 
absorption can improve at higher strain rates, and this can benefit crashworthiness, which is 
beneficial in structural applications. For the first time, the decrease in strain-rate sensitivity in 
magnesium alloys was observed to be due to the increase in aluminium solute level in the α-
magnesium matrix rather than the overall aluminium content and this was related to dynamic 
strain ageing from the interactions between the aluminium solute and dislocations. Another 
interesting observation from the second study was the high strain-rate sensitivity of <a> 
prismatic and <c+a> pyramidal slip. 
Therefore, the third study further divided the overall deformation behaviour into three 
regions: elasticity, anelasticity (reversible twinning) and plasticity (<a> basal slip and <a> 
prismatic) in order to study their dependences on strain rate and aluminium solute level. 
Results showed that anelasticity was strain-rate insensitive while plasticity by <a> prismatic 
slip was strain-rate sensitive. The high strain-rate sensitivity of <a> prismatic slip led to a 
variation in maximum anelasticity with strain rate. AZ91, which has the most aluminium 
contents in solution, exhibited the largest maximum anelasticity, as compared to AM40 and 
AM60. It was proposed that at low aluminium concentrations, solution softening of the <a> 
prismatic planes reduced the need to twin, whereas at the higher concentrations, solution 
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hardening of all slip planes (but not twinning) made <a> basal and <a> prismatic slip more 
difficult, leading to an increased amount of twinning. The effects of strain rate and aluminium 
solute level on anelasticity and plasticity were systematically studied for the first time. The 
effect of precipitates on anelasticity was also investigated. Presence of precipitates in aged 
AE44-T5 was observed to harden not only <a> basal and <a> prismatic slip, but also 
suppress twinning, decreasing the anelasticity in comparison with as-cast AE44. 
In the final study of this research, the knowledge from previous chapters was applied to 
model the different stages of deformation behaviour of these alloys by constitutive equations. 
Within the elastic, anelastic and plastic deformation, the stress-strain curve was further 
separated into four stages, namely elastic (stage I), <a> basal slip and twinning (stage II), <a> 
prismatic slip (stage III) and <c+a> pyramidal slip (stage IV). Both stages I and III followed a 
linear relationship and were modelled with a linear equation, while stages II and IV followed 
a power-law relationship and were modelled with Hollomon’s equation. These four stages 
were first analysed individually and a semi-empirical equation was then established to model 
the entire stress-strain curve. Overall, the proposed model provided a good fit to the 
experimental stress-strain curve for most of the alloys, but it slightly overestimated the stress 
in the stage II-III transition region in the AZ91 alloy. This slight discrepancy was attributed 
to the delayed onset of stage III, an effect of high aluminium concentration and fully 
interconnected percolating network, leading to higher strain hardening rate during the stage 
II-III transition in AZ91. 
Overall, this research demonstrates that the deformation behaviour of high-pressure die-
cast magnesium-aluminium based alloys can be separated into four stages, elastic, <a> basal 
slip and twinning, <a> prismatic slip and <c+a> pyramidal slip from the three types of 
deformations: elastic, anelastic and plastic. Decomposition of stress-strain curve into these 
different stages has provided insights into the improved measurement of proof strength, the 
role of aluminium solute in moderating strain-rate sensitivity, the interactions of slip and 
twinning deformation systems to understand total anelasticity and the contributions of 
different slip and twinning deformation mechanisms to the overall deformation behaviour of 
die-cast magnesium alloys. This research is a milestone in developing understanding of the 
deformation mechanisms in die-cast magnesium alloys and will provide the foundation for 
future development of improved structural alloys. 
 
Keywords: High-pressure die-casting; magnesium alloys; deformation behaviour; mechanical 
properties; strain-rate sensitivity; constitutive modelling. 
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Chapter 1 
Introduction 
 
1.1 Background 
  
Magnesium alloys are categorised into cast and wrought alloys. Cast alloys account for 
over 90% of overall use in automotive and aerospace industries as compared to wrought 
alloys [1] due to the low cost, high level of automation and short processing time in casting 
[2]. Furthermore, high-pressure die-cast (HPDC) magnesium alloys also have some 
advantages over wrought alloys for commercial applications, such as tension-compression 
isotropy, better mechanical properties at high strain rates and lower corrosion rates [1]. 
The majority of HPDC magnesium alloy consumption is for automotive applications. 
The increasing interest in the use of magnesium alloys in vehicle fabrication is mainly due to 
their low density with one quarter of the density of steel and only two-thirds that of aluminum 
[3]. Replacement of heavy components made from steel and aluminium alloys with HPDC 
magnesium alloy components offers an opportunity to increase vehicle efficiency and reduce 
greenhouse gas emissions. 
In the past, there has been considerable focus on high temperature alloy development 
for powertrain applications [4-6], but in recent years, the focus has shifted to structural 
applications. With the advent of electric vehicles, this trend is expected to continue due to the 
greatly simplified nature of electric powertrains compared to those of internal combustion 
vehicles. This will reduce the demand for powertrain components but the requirements for 
structural components to form the car body and closures remain. 
The requirements for structural alloys differ from those of high-temperature alloys. In 
particular, there is a need for high room-temperature strength combined with high levels of 
ductility for energy absorption in vehicle crash situations and during manufacturing 
processes, such as self-piercing riveting. In both of these situations, strain rate is an important 
factor, for example in self-piercing riveting, the strain rate produced by the punch speed may 
vary during rivet insertion due to material resistance to deformation. Understanding the effect 
of strain rate on the mechanical properties and deformation behaviour of HPDC magnesium 
alloys is important in the development of improved structural alloys. 
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The hexagonal close-packed (HCP) crystal structure of magnesium and alloys adds to 
the complexity of the deformation behaviour. The elastic limit of magnesium alloys is 
relatively low (< 50 MPa) [7, 8], beyond that plastic deformation occurs. However, the lack 
of independent basal slip systems and the activation of non-basal slips at higher stress levels 
in the HCP structure result in profuse twinning to accommodate plastic deformation [9-13]. 
Twins formed in magnesium alloys are not stable under loading [14]; and twins can revert 
during unloading [15], consequently a large part of the non-linear deformation in magnesium 
alloys is reversible. The complex progression of deformation mechanisms in the HCP crystal 
structure of magnesium alloys requires further investigation and this forms the basis for this 
research. 
To understand the room-temperature tensile deformation behaviour of existing HPDC 
magnesium alloys, commercially available alloys AM40 (Mg-4Al-0.3Mn), AM60 (Mg-6Al-
0.3Mn), AZ91 (Mg-9Al-1Zn) and AE44 (Mg-4Al-4RE) are studied in this research. AZ91 is 
widely used for some structural components of automobiles (i.e. steering column brackets 
and brake pedals) because of its good combination of mechanical properties and die-
castability; AM40 and AM60 are most commonly used in applications where energy 
absorption is required, such as seat frames and instrument panels [1, 16, 17]; AE44 has good 
high-temperature strength and creep resistance and it is ideal for automotive powertrains [18], 
but it is also seen in structural applications, such as front engine crossmember [19]. 
In order to properly study the deformation behaviour, the key material properties, such 
as yield or proof stress, tensile strength and elongation to failure must be clearly defined. 
Tensile strength and elongation to failure are unambiguous and can be readily determined. 
Measurement of proof stress in magnesium, however, has been challenging. There are at least 
four standardised proof stress measurement methods (ISO 6892-1 [20] and ASTM E8M-09 
[21]), applicable to magnesium and alloys. This has resulted in a wide range of proof stress 
values reported in literature for the same alloy, depending on the method used. Establishing a 
more consistent proof stress measurement method is the first step towards better comparison 
of alloy’s properties. 
The non-linear reversible deformation, also known as anelasticity, in magnesium alloys 
is another interesting aspect of this research. Due to the limited easily activated slip systems 
available in magnesium alloys, the deformation behaviour can be divided into three stages: 
elastic, anelastic and plastic [7, 8, 22]. The study of anelasticity is important as it influences 
several properties, including yield strength [23], fatigue strength [8], apparent stiffness [7, 22] 
and sound dampening [14]. 
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Although anelasticity plays a major role in the deformation of magnesium alloys, only a 
few studies, mainly from Cáceres and his co-workers [7, 22, 24] have investigated the solute 
and grain size dependences of anelasticity on magnesium-zinc and magnesium-aluminium 
alloys. To the author’s knowledge, the effect of strain rate on anelasticity has not been 
investigated. Understanding the effects of strain rate and aluminium content (aluminium is 
the main alloying element in the investigated alloys) on the different deformation regions 
(elastic, anelastic and plastic) can provide insights into the deformation mechanisms of 
magnesium alloys. 
 
1.2 Research Aims and Objectives 
 
The primary aim of this research is to study the mechanical properties and deformation 
behaviour of commercial HPDC magnesium alloys AM40, AM60, AZ91 and AE44 across 
wide strain-rate range 10-6-10-1 s-1, and to provide a better understanding of the deformation 
mechanisms for future development of improved structural alloys. This research is further 
divided into four objectives: 
1) To review the inconsistencies in standardised proof stress determination methods for 
die-cast magnesium alloys and to propose a better way to measure the proof stress of such 
alloys by correcting for anelasticity; 
2) To investigate the tensile properties and deformation behaviour of commercial die-
cast magnesium alloys consisting of different aluminium content at strain rates 10-6-10-1 s-1; 
3) To determine the contributions of elastic, anelastic and plastic deformations and to 
study their dependences on strain rate and aluminium content; 
4) To correlate the deformation mechanisms (different slip and twinning deformation 
systems) to the different stages of the stress-strain curve and to develop constitutive equations 
to model these stages. 
 
1.3 Thesis Structure 
 
Chapter 1 provides a brief introduction of this research, including the main aim and 
research objectives, as well as a summary of the thesis chapters. 
Chapter 2 begins by introducing the readers to a basic overview of magnesium and its 
alloys and their manufacturing processes. It also provides a detailed review that is related to 
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the deformation behaviour (elastic, anelastic and plastic) of magnesium and alloys. Attention 
is also brought to the strain-rate sensitivity of magnesium alloys, with particular focus on the 
effect of aluminium content. 
Chapter 3 explains some of the procedural techniques involved in the surface 
preparation of magnesium alloys for optical and electron microscopy. Special focus is placed 
on the sample preparation techniques for electron backscattered diffraction (EBSD). The 
intention of this chapter is to provide a reference for future work on similar alloys, since 
magnesium is one of the most difficult materials to achieve a satisfactory quality of sample 
preparation. Mechanical testing procedures are also described. 
Chapter 4 is the first published paper related to this research which reviews the 
inconsistencies in standardised proof stress determination methods for die-cast magnesium 
alloys. A conversion chart is constructed to enable the determination of the appropriate offset 
strain in proof stress measurement for a range of magnesium alloys. For die-cast magnesium 
alloys which have a grain size of less than 10 μm, a higher offset strain of 0.45% shows a 
closer approximation to the 0.2% permanent plastic strain in proof stress measurement. 
Chapter 5 answers the second research objective which is to understand the effects of 
strain rate (10-6-10-1 s-1) and aluminium content on the monotonic tensile behaviour of 
commercial die-cast magnesium alloys AM40, AM60, AZ91 and AE44. It is observed that 
strain-rate sensitivity decreases with increasing aluminium solute level and this is proposed to 
be due to dynamic strain ageing. 
Chapter 6 divides the overall deformation behaviour of these alloys into elastic, 
anelastic (reversible twinning) and plastic (<a> basal slip and <a> prismatic slip) regions and 
studies their dependences on strain rate and aluminium solute level. This study shows that 
both anelasticity and plasticity by <a> basal slip are strain-rate insensitive, while plasticity by 
<a> prismatic slip is strain-rate sensitive. The high strain-rate sensitivity of <a> prismatic slip 
results in a variation in maximum anelasticity with strain rate. High aluminium 
concentrations (9 wt.% aluminium) can also make <a> basal slip and <a> prismatic slip more 
difficult, leading to an increased amount of twinning and anelasticity. 
Chapter 7, building on previous chapters, this chapter first separates the stress-strain 
curve into four stages: elastic (stage I), <a> basal slip and twinning (stage II), <a> prismatic 
slip (stage III) and <c+a> pyramidal slip (stage IV). A semi-empirical model is then 
established to predict the entire stress-strain curve. The developed model shows a good 
agreement with experimental data with one limitation; the model slightly overestimates the 
experimental data in the stage II-III transition region for the AZ91 alloy. 
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Chapter 8 summarises the key findings obtained from previous chapters, and discusses 
some of the research implications and potential future directions that may be derived from the 
outcomes of this research.  
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Chapter 2 
Literature Review 
 
This chapter surveys the literature most pertinent to the objectives of this thesis. The 
literature review is divided into five main sections. Section 1 provides a brief overview of 
magnesium and its alloys, such as their applications, a short explanation on magnesium 
naming conventions and alloying systems, and deformation modes. Section 2 provides a 
discussion of the two relevant manufacturing processes: high-pressure die-casting and self-
piercing riveting. Section 3 discusses the deformation behaviour (elasticity, anelasticity and 
plasticity) of magnesium and its alloys and section 4 reviews the strain-rate sensitivity of 
magnesium alloys. Section 5 concludes with the literature gaps and research hypotheses. 
 
2.1 Magnesium and Magnesium Alloys 
 
Magnesium (Mg) was first discovered in 1808 by Sir Humphrey Davey [1]. Comprising 
2.7% of the earth’s crust and 0.13% of the earth’s ocean water, this makes magnesium a 
relatively plentiful element [2]. Currently, magnesium has attracted much attention in 
automotive applications, where weight reduction is important to improve fuel economy and 
reduce greenhouse gas emissions. This is because magnesium has relatively low density of 
1.7 g/cm3 [3], which is 35% and 61% lower than that of aluminium and titanium, respectively 
[4]. Although magnesium is commercially available with purities exceeding 99.8%, it is 
rarely used for engineering applications in its un-alloyed form due to its low strength, low 
ductility and poor corrosion resistance. 
To overcome these limitations, magnesium is alloyed with various alloying elements 
such as aluminium (Al), zinc (Zn), manganese (Mn), lithium (Li), and rare earth elements 
(RE). Copper (Cu), nickel (Ni), and iron (Fe) are considered harmful impurities that need to 
be controlled properly to ensure the quality of magnesium alloys [5]. 
In terms of the applications of magnesium alloys, both cast and wrought magnesium 
alloys are available. However, more than 90% of the magnesium parts are manufactured by 
casting [3]. Currently, some commercially available magnesium alloys are die-cast AM40 
(Mg-4Al-0.3Mn), AM60 (Mg-6Al-0.3Mn), AZ91 (Mg-9Al-1Zn) and AE44 (Mg-4Al-4RE). 
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AZ91 is widely used for some structural components of automobiles (steering column 
brackets and brake pedals), aircraft, and computers, because of its good combination of 
mechanical properties and die-castability while AM40 and AM60 are most commonly used in 
applications where energy absorption is required, such as seat frames and instrument panels 
[6-8]. AE44 has good combination of strength and ductility and has been applied in 
automotive front engine crossmember [9]. 
 
2.1.1 Alloying Systems 
 
The naming convention of magnesium alloys is based on an alpha-numeric designation 
system, with the first two letters representing the major alloying elements followed by their 
respective weight percentage rounded off to whole numbers of these constituents. Sometimes, 
a serial letter is given at the end (A, B, C, D and E) which designates the stage of 
development or degree of purity of the alloy. The alloy AZ91D, for example, is an alloy with 
a nominal content of 9 wt.% aluminium (A) and 1 wt.% zinc (Z). Its development stage is 4 
(D). A coding system for the temper designation of magnesium alloys is sometimes used. The 
designations include as fabricated (F), solution heat-treated (T4) and solution heat-treated and 
artificially aged (T6). Detailed explanation of this standardised system is reviewed elsewhere 
[3]. Table 2.1 lists the one letter abbreviations for the most commonly used alloying elements 
[2, 3, 10]. 
 
Table 2.1: ASTM codes for magnesium alloying elements. 
Code Letter Alloying Element Code Letter Alloying Element 
A Aluminium N Nickel 
B Bismuth P Lead 
C Copper Q Silver 
D Cadmium R Chromium 
E Rare Earths S Silicon 
F Iron T Titanium 
H Thorium W Yttrium 
K Zirconium Y Antimony 
L Lithium Z Zinc 
M Manganese   
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2.1.1.1 Alloying with Aluminium 
 
Aluminium is one of the most important alloying elements in magnesium, and it is also 
the main alloying element used in this work. Aluminium has high solid solubility in 
magnesium; the solubility limit of aluminium at eutectic temperature of 437 °C is 11.7 at.% 
(12.9 wt.%) [11]. Figure 2.1 shows the binary magnesium-aluminium phase diagram [12]. 
The decreasing solubility from eutectic temperature makes the alloy heat-treatable. The 
aluminium concentration can vary across a grain or dendrite cell due to microsegregation 
during solidification. Magnesium near the centre of the grain solidifies first and it has the 
lowest dissolved aluminium content, while magnesium in the region adjacent to the β-phase 
will solidify last, and thus, it has higher dissolved aluminium. This results in strong 
aluminium-rich coring as shown in Figure 2.2 [13]. In die-cast AZ91, the aluminium content 
in the primary α-Mg has been reported to be approximately 4 wt.% in the centre of the cell 
and over 11 wt.% in the supersaturated region surrounding the β-phase as measured by SEM 
and EDX [14].  
 
 
Figure 2.1: Magnesium-aluminium binary phase diagram [12]. 
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Figure 2.2: Microstructure of chill cast A8 (Mg-8%, Al-0.5%, Zn-0.25% Mn). Note β-
Mg17Al12 compound (dark) and interdendritic aluminium-rich coring (grey). Electrolytic 
polish (x250) [13]. 
 
Two typical phases are observed in the die-cast microstructure of magnesium-
aluminium based alloys, which are the primary α-Mg phase and β-Mg17Al12 phase as shown 
in Figure 2.3. The addition of aluminium in magnesium alloys serves principally as a solid 
solution strengthening element to further improve the strength [15]. However, the amount of 
aluminium in magnesium can affect both the die-casting process and mechanical properties. 
Increasing aluminium content expands the freezing range of the alloy, making the alloy more 
castable [16], but this can also lead to hot tearing [17] and decreased tendency for die 
soldering [18]. In terms of mechanical properties, high aluminium content leads to the 
formation of more brittle intermetallic Mg17Al12 phase, increasing the hardness and strength 
but reducing the ductility [19]. 
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Figure 2.3: Backscattered SEM images of as-cast (a) AZ91 and (b) AM60. Note primary α-
Mg phase (dark) and brittle β-Mg17Al12 phase (light) [20]. There is a higher volume fraction 
of bulk Mg17Al12 phase in AZ91 due to higher aluminium content. 
 
In die-cast magnesium-aluminium binary alloys with aluminium content varying from 
2-18 wt.%, the yield strength of the alloy increased (from 87 to 240 MPa) while elongation to 
failure decreased (from 19% to 0.7%) with increasing aluminium concentration [21]. A 
theoretical model accounting for Hall-Petch (strengthening due to grain refinement in die-cast 
alloys), solid solution and dispersion strengthening mechanisms was established to calculate 
the yield strength, σ𝑦 of die-cast magnesium-aluminium binary alloys (0.5-12 mass% Al) 
[22]: 
 
                                                    σy=σss+σdisp+σhp                         (2.1) 
 
where solid solution σss, dispersion σdisp, and grain boundary σhp strengthening are 
defined by Eqs. (2.2) to (2.4): 
 
                                                  σss ≅ BC23                                                                  (2.2) 
                                                σdisp = 135 fi                           (2.3) 
                                                   σhp = σ0+kd12                                                            (2.4) 
 
where B = 197.5 MPa, C is either css (average solute in solution in the α-Mg grains) or cE (average solute in solution in the externally solidified grains) for calculation of the solid 
solution strengthening at the skin and core regions, respectively. cE is only applicable for 
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aluminium concentrations above 5.5 mass%, i.e., alloys with distinct skin and core. More 
information on the cold chamber high-pressure die-cast microstructure can be found in 
Section 2.2.1.1. fi is the volume fraction of the dispersed β-Mg17Al12 intermetallic 
particles, σ0 = 12 MPa [23], k is the strengthening coefficient and d is the average grain 
diamater.  
The theoretical model (Eq. 2.1) [22] showed good prediction for dilute alloys but 
underestimated the yield strength of most concentrated alloys. This was proposed to be due to 
the increase in the degree of spatial interconnection of the β-phase intermetallics [24-26] with 
increasing aluminium concentration. Profuse spatial interconnection can introduce an 
additional strengthening (4-7 MPa in AZ91 [24]) to the overall strength of the alloy. 
 
2.1.1.2 Alloying with Rare Earth 
 
Rare earths are generally added as mischmetals of various compositions, most 
commonly rich in cerium (Ce) (52-55 wt.%), followed by lanthanum (La) (23-25wt.%), with 
smaller amounts of neodymium (Nd) (16-20 wt.%) and sometimes praseodymium (Pr) (5-6 
wt.%) [27, 28]. Magnesium-aluminium-rare earth alloys, such as the AE series were first 
developed by Hydro Magnesium [29] for applications at elevated temperatures [30]. Alloying 
magnesium-aluminium based alloys with rare earth suppresses the formation of brittle 
Mg17Al12 phase that has poor thermal stability at elevated temperatures as rare earth elements 
form eutectic systems of limited solubility with magnesium [31]. Therefore, rare earth atoms 
react with aluminium atoms to form Al-RE intermetallic phases, leaving fewer aluminium 
atoms to react with magnesium atoms to form the Mg17Al12 phase during solidification. The 
Al-RE intermetallic phases, (i.e. A111RE3 and A12RE) are harder and more thermally stable 
[32]. 
Apart from improving the strength and creep resistance, alloying magnesium with rare 
earth elements can improve the ductility of magnesium alloys [33]. For example, alloying 
additions of rare earth elements to wrought magnesium-zinc sheets assisted the activation of 
non-basal slip systems; consequently improving room-temperature formability [33]. Bakke et 
al. [19] observed an increase in elongation to failure of the die-cast AE-series (Mg-Al-RE) 
alloys relative to the AM (Mg-Al-Mn) alloys, particularly in the 5-9 aluminium at.% range. A 
plot of elongation to failure against 0.2% proof stress is shown in Figure 2.4. It is apparent 
that the Mg-Al based alloys forming a reference line with lower elongation to failure at 
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higher strengths. In contrast, AE-series alloys showed a better combination of elongation to 
failure and strength.  
 
 
Figure 2.4: Elongation to failure and 0.2% proof stress of magnesium-aluminium based alloys 
and AE-series alloys [34]. 
 
In the past, AE-series alloys were mainly considered for powertrain applications [32], 
but are now being considered for structural applications, such as automotive front engine 
crossmember, engine block and auto-body structure [28, 35, 36]. AE-series alloys are 
composed of primary grains of α-Mg solid solution surrounded by the high volume of 
intermetallic phases distributed along the grain boundary area [27, 28, 37-44]. The typical 
microstructure of AE44 consists of a rod-like lamellar phase and polygon/particulate phase as 
shown in Figure 2.5. EDX analyses from various sources [28, 37, 39, 40, 44-47] have 
suggested the lamellar phase to be Al11RE3 phase and the particulate phase to be Al2RE, 
where RE denotes the type of RE element present. 
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 Figure 2.5: TEM bright-field image, microbeam electron diffractions, and EDX spectra 
showing typical microstructure and identification of intermetallic phases in as-cast AE44. 
The lamellar-like intermetallic phase was identified to be Al11RE3 (body-centred 
orthorhombic structure) whereas the particulate-shaped intermetallic phase is Al2RE 
(diamond cubic structure) [32]. 
 
2.1.2 Deformation Modes in Magnesium 
 
Magnesium solidifies to a hexagonal close-packed (HCP) crystal structure, Figure 2.6, 
with lattice parameters of a = 0.3209 nm and c = 0.5211 nm (c/a = 1.624, compared to that of 
an ideal HCP structure 1.633 for perfectly hard spheres), making magnesium nearly perfectly 
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close-packed [1, 3, 48]. For binary alloys, alloying addition of aluminium decreases the a and 
c lattice parameters, and increases the c/a ratio [49]. This is expected as the reported atomic 
bond length of aluminium (≈ 286 pm) is less than that of magnesium (≈ 320 pm) [50]. The 
magnesium lattice parameters with binary addition of rare earth elements, such as cerium 
(Ce) and lanthanum (La) have not been reported probably due to their low solid solubility in 
magnesium matrix (0.23 wt.% for La and 0.74 wt.% for Ce [51]), but the lattice parameters 
would be expected to increase due to the increase in the atomic bond length (≈394 pm and 
≈374 pm for Ce and La, respectively)[50]. 
 
 
Figure 2.6: Unit cell of hexagonal closed-packed crystal [52]. 
 
2.1.2.1 Dislocation Slip 
 
In magnesium, two main types of dislocations are observed, <a> type and <c+a> type. 
The <a> type dislocations have a Burgers vector of b = 1
3
 <112�0> and can glide on basal, 
prismatic, or first order pyramidal planes while the <c+a> type dislocations have a Burgers 
vector of b = 1
3
 <112�3> and glide on second order pyramidal planes [48, 52-58]. The 
commonly observed slip systems in magnesium and their corresponding slip planes and 
directions are shown in Figure 2.7. 
Requirement of five independent slip systems is necessary to sustain a general 
homogeneous deformation without generation of cracks or change in volume; this is known 
as the von Mises-Taylor criterion [59-61]. However, prismatic slip [56, 62], first order 
pyramidal slip [58] and second order pyramidal slip [63, 64] are not favoured as their critical 
resolved shear stress (CRSS) at room temperature is several orders of magnitude greater than 
16 
 
that of basal slip [65]. These non-basal dislocations are also easier to activate at higher 
temperatures. The CRSS for prismatic slip decreases from ~110 MPa at room temperature to 
~12 MPa at 270 °C [66], while the CRSS for pyramidal slip also decreases to approximately 
3.9 MPa at 330 °C for polycrystalline Mg [67]. It has been reported that the improved 
ductility and formability at higher temperatures for magnesium is the result of activation of 
these higher order non-basal slip systems [66, 68]. 
Hence, it is generally agreed that the main deformation mode at room temperature in 
magnesium and its alloys is basal slip [69-72] due to its low CRSS. However, basal slip 
offers only three slip systems, of which two are independent, and this is less than the required 
five [73]. The limited number of independent basal slip systems in magnesium results in the 
activation of twinning to accommodate plastic deformation [64, 74, 75].  
   
 
Figure 2.7: Commonly observed slip systems in magnesium: (a) basal slip, (b) prismatic slip, 
(c) first order pyramidal slip and (d) second order pyramidal slip [52]. 
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The room-temperature CRSSs of the commonly observed slip and twinning 
mechanisms for single-crystal and polycrystal magnesium and alloys are summarised in 
Table 2.2. Based on the CRSSs, slip first occurs on the basal plane followed by twinning for 
polycrystalline magnesium. Note that the CRSSs of basal slip and twinning are less strain-
rate dependent [76-80] than that of prismatic and pyramidal slip [76, 78].  
 
Table 2.2: Critical resolved shear stresses (CRSSs) (MPa) of the commonly observed 
deformation modes of single-crystal and polycrystal magnesium and alloys. 
Material/Method Basal <a> 
{10𝟏�2} 
Extension 
Twinning 
Prismatic 
<a> 
Pyramidal 
<a> 
Pyramidal 
<c+a> Ref. 
Mg single crystal 
0.45-0.81     [58, 81, 82] 
   0.5  [58] 
  39-50   [56, 83] 
Mg-0.1% Al single 
crystal 1  45   [72, 84] 
Mg-0.25% Zn 
single crystal 1.2  45   [62, 72] 
Mg polycrystal 
  110   [66] 
    80 [85] 
Mg AZ31* 
polycrystal EPSC 
model 
20 30 90 65 95 [86] 
10 30 55  60 [87] 
Mg AZ31* 
polycrystal VPSC 
model 
45  110   [88] 
*CRSS values obtained from single-crystal experiments and estimated for polycrystalline AZ31 using elastoplastic self-consistent (EPSC) or 
viscoplastic self-consistent (VPSC) models. 
 
2.1.2.2 Twinning 
 
Twinning occurs when an applied shear stress results in atomic displacement such that 
the atoms on one side of a plane (twin boundary) mirror the atoms on the other side [89, 90]. 
The most common type of twin in magnesium alloys is the {101�2} extension twin [74], but 
the activation of {101�1} and {101�3} contraction twins and {101�1}-{101�2} and {101�3}-
{101�2} double twins have also been observed [66, 71, 91-94].  
{101�2} extension twins have relatively low CRSS, making them the dominant 
deformation mode after basal slip (Table 2.2) [64, 95, 96]. They are formed when there is an 
extension strain component parallel to the c-axis [74], i.e., when tensile stress is applied in 
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the parallel direction to the c-axis. {101�1} and {101�3} contraction twins, on the other hand, 
can accommodate compression strain along c-axis [97], and they are activated when there is a 
contraction strain component parallel to this axis or when macroscopic extension is being 
applied perpendicular to the c-axis. {101�1}-{101�2} and {101�3}-{101�2} double twins are 
also known as secondary twins. They take place within the reoriented primary twins. 
Contraction twins {101�1} and {101�3} form first, after which {101�2} extension twins are 
propagated within the original contraction twins [66, 98]. Both types of double twins lead to a 
contraction along the c-axis. 
Considering the above information and the random texture seen in cast magnesium 
alloys [63, 99, 100], cast samples will consist of several regions with different orientations. 
Each of these regions may have a favourable orientation for some type of twinning, and 
therefore, cast magnesium alloys may experience different types of twinning during 
deformation. Cast AZ31, AZ61 and AZ91 [101] and cast AE42 and AE44 (RE: Yttrium) 
[102] experienced different types of twinning with {101�2} extension twinning being the 
predominant twinning mode after shock loading tests at 800-1400 s-1. Among these alloys, 
the amount of twinning was observed to decrease with increasing aluminium and yttrium 
content, respectively. 
Electron backscattered diffraction (EBSD) characterisation is useful for determining the 
exact orientation of each grain in a deformed polycrystal and thus providing quantitative 
information on the activation of different twin systems. Profuse {101�1}-{101�2} double twins 
(purple) were observed from EBSD mapping of polycrystalline AM30 after tensile testing, as 
shown in Figure 2.8 [96]. Some primary {101�1} contraction twins (green) were also present, 
but fewer in number. Only very few {101�2} extension twins (red) and {101�3}-{101�2} 
double twins (blue) were observed. 
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 Figure 2.8: EBSD map of AM30 after 8% strain at a temperature of 100 ⁰C and a strain rate 
of 0.1 s-1. The tensile axis is horizontal in the map [96]. 
 
Apart from EBSD, there are other techniques to measure twins. For example, the 
sigmoidal shape of a stress–strain curve obtained from mechanical testing [103] and a 
concave behaviour of work hardening rate are indicative of the occurrence of twinning [101, 
103-107]. Deformation twinning results in a sudden reorientation of the volume fraction of 
the crystal that is being twinned rather than the gradual reorientation that characterises slip. 
Therefore, due to large disorientation between the twin and the matrix, as twinning proceeds, 
the required stress for continuing deformation increases. Thus, twinning is associated with a 
high rate of strain hardening. 
 
2.2 Manufacturing Processes 
 
2.2.1 High-Pressure Die-Casting 
 
High-pressure die-casting (HPDC) is a fully automatic, large volume, high productivity 
process for the fast production of thin-walled near net shape castings, with part weights 
ranging from a few grams to more than 15 kg [108, 109]. Other advantages of HPDC include 
the possibility to obtain fairly complex castings due to the use of movable cores; better 
surface finish and closer dimensional tolerances, and lower labour cost. 
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Presently, die-cast alloys are widely used in automotive industry. For instance, 
automotive components varying from instrument panel beams, steering wheel armatures and 
seat frames (AM60), to cam covers, clutch housings and steering wheels (AZ91), to high 
temperature applications such as engine cradles (AE44) have been manufactured with die-
cast magnesium alloys [8]. 
There are two types of HPDC: hot-chamber die-casting and cold-chamber die-casting. 
Cold-chamber die-casting is used when the casting alloys have a high melting point and 
cannot be used in hot-chamber machines, for example magnesium-aluminium alloys. Hence, 
all the alloys involved in this study were cast using a cold-chamber high-pressure die-casting 
machine as shown in Figure 2.9. 
 
 
Figure 2.9: Schematic of a cold-chamber HPDC machine which consists of an injection unit, 
die assembly and clamping unit. 
 
In a cold-chamber machine, molten metal is poured from the ladle into the shot 
chamber through a pouring hole. An injection piston, powered by hydraulic pressure, forces 
the molten metal through the shot chamber and into the injection sleeve in the die. The 
typical injection pressures for a cold-chamber die-casting machine are between 2000 and 
20000 psi. After the molten metal has been injected into the die cavity, the injection piston 
remains forward, holding the pressure while the casting solidifies. After solidification, the 
hydraulic system retracts the injection piston and the part can be ejected by the clamping unit 
[110]. 
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2.2.1.1 Microstructure of HPDC Magnesium Alloys 
 
HPDC alloys consist of two well differentiated regions on the casting cross section: a 
surface region with predominantly fine grains and a higher volume fraction of intermetallic 
phases, also known as the hard skin, and a centre region (known as the soft core) with 
relatively larger grains together with large dendritic grains, termed externally solidified grains 
(ESGs), as shown in Figure 2.10 [22, 111-116]. 
 
 
Figure 2.10: Bimodal grain microstructure of a HPDC magnesium alloy. (a) The micrograph 
and corresponding schematic diagram of the cross-section of a tensile bar normal to the flow 
direction (FD) showing ‘skin’ and ‘core’ regions and ESGs. (b) ESGs magnified [117]. 
 
The ESGs, formed by partial solidification of the melt in the unheated shot sleeve and 
runner [111, 118, 119], are dispersed in the liquid during the filling of the die [120-122]. The 
liquid inserted into the die cavity can contain up to 20% solid fraction of ESGs [113, 114]. 
These ESGs will then migrate to the centre of the die cavity [123] driven by shear flow [114, 
121, 124, 125]. The segregation of ESGs towards the centre also ensures that the volume 
fraction of eutectic is greater near the surface [113]. 
The difference in grain size between the skin and the core regions leads to non-uniform 
yielding. Yielding tends to develop first in the softer core while the harder outer skin layer 
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remains elastic [113]. Non-uniform yielding in the alloy may lead to inconsistency in proof 
stress measurement. It should be noted, however, that die casting technology is continually 
improving and these variations are arguably less significant in modern machines. 
 
2.2.1.2 Casting Defects  
 
A few commonly observed casting defects include banded defects, hot tears and 
porosity. These defects can adversely affect the mechanical properties. Defect bands often 
appear as narrow regions of positive macro segregation, porosity and/or cracks that follow the 
contour parallel to the surface of the casting [126-128]. Due to the macroscopic nature of 
these defects, they cannot be removed during heat treatment and the form they take during 
solidification remains in the cast product [129]. Examples of defect bands are shown in 
Figure 2.11. The flow direction is to the right, parallel to the page. Reducing shot sleeve 
solidification and increasing die and melt temperature can minimize the formation and 
severity of banded defects [126]. 
 
 
Figure 2.11: (a) Pore bands in magnesium alloy AM60 [121]. (b) Segregation bands in 
aluminium alloy A356 [130]. 
 
Hot tearing or hot cracking is a major defect that can form during casting when the 
alloy is still in a semi-solid state. Campbell [131] proposed that hot tearing was 
predominantly controlled by the presence of double oxide films (bifilms) forming during 
casting. Bifilms are created when a dry film on the surface of the melt is folded and becomes 
entrained within the melt. Since the folded faces do not bond, and thus form a defect within 
the casting that can promote crack formation. 
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Whilst bifilms may act as cracks to tear initiation sites, the alloy content is just as 
important. It is known that hot tearing susceptibility varies with alloy content through a 
lambda-curve relationship [132] in most alloy systems, i.e., binary magnesium-aluminium 
alloys [133, 134]. At low alloy concentrations, the hot-tearing propensity is small; as the 
alloy content increases, it peaks, and then reduces again at higher concentrations. This 
behaviour has been attributed to the non-equilibrium solidification range [17], eutectic 
content [135], solidification paths and phase fractions [136]. For binary magnesium-
aluminium alloys (up to 8 wt.% aluminium) by ring casting in a steel mould, hot tearing 
susceptibility peaks at 0.75 wt.% aluminium [134]. Commercial alloy AZ91 with high 
aluminium content is known to be relatively resistant to hot tearing [136, 137]. 
Casting porosity, i.e., gas porosity and shrinkage porosity can be distributed throughout 
the microstructure of HPDC materials [109]. Porosity leads to significant variability in the 
fracture sensitive mechanical properties such as ductility [138, 139]. Lee et al. [140] used 
quantitative fractographic techniques and observed that the amount of porosity present in the 
fracture surfaces of HPDC AE44 was significantly higher than the average volume fraction of 
porosity in the bulk three-dimensional microstructure. They believed that the fracture path 
would preferentially go through the regions of the specimens containing large amounts of 
localised (clustered) porosity. Hence, ductility could be increased by decreasing the regions 
of localised clustered pores in the microstructure. This may not necessarily require decreasing 
the global average volume fraction of the pores in the three-dimensional microstructure as 
cracks tend to initiate at contraction cavities [141, 142], and propagate by the coalescence of 
smaller cracks [143]. 
Porosity can also interfere with subsequent heat treatments performed on the alloy 
following casting. Due to porosity, HPDC alloys are generally non-heat-treatable because the 
trapped gas pores can expand during the heat treatment process, causing surface blistering 
and bulk distortion of cast products [52]. 
 
2.2.2 Self-Piercing Riveting 
 
There is an increasing interest in the use of die-cast magnesium alloys in auto-body 
structure to reduce the weight of vehicle. Vehicle body is usually composed of different 
lightweight alloys, and hybrid use of these alloys, such as magnesium with aluminium alloys 
[144] or aluminium with advanced high strength steel [145] can sometimes be difficult or 
impossible to weld due to differences in thermal, physical and chemical properties. 
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Self-piercing riveting (SPR) is a cold forming process that is used to fasten together two 
or more sheets of materials by driving a rivet through the upper sheet and upsetting the rivet 
in the lower sheet without penetration into the lower sheet. Joining is achieved by rivet 
locking into the lower sheet. Since the process relies on a mechanical interlock rather than 
fusion, it can be used with dissimilar materials. Examples are combinations of aluminium 
alloy A5052 to steel (mild and ultra-high strength steels) [146, 147], to titanium and copper 
alloy [148], and even to low ductility magnesium alloy AZ31B [144]. 
SPR was successfully adopted by Audi to join structural panels in the all-aluminium 
Audi A8 in the 90s [149]. Since then, a significant progression has been the application of 
SPR technique to both space frame (Audi A2) [150] and monocoque designs (Jaguar) [151, 
152]. 
SPR process can be divided into a few stages as illustrated in Figure 2.12 [153-155]: 
 
 
Figure 2.12: Self-piercing riveting process [156]. 
 
1) Clamping and/or Bending: The sheets to be joined are first clamped together between a 
blank holder and a die. In some cases, pre-clamping is not involved and sheets bend as 
rivet being pushed by a punch perpendicularly to the sheet surface. The punch is driven 
down using either a hydraulic or electrical system. In this phase the rivet clamps the 
sheets. 
2) Piercing: The rivet shank acts as a shearing punch that pierces into the entire thickness 
of the top sheet. The lower sheet is pierced only partially until the rivet reacts against 
the influence of the die. 
3) Flaring: The rivet flares into the die and forms a mechanical interlock between the 
substrates. The lower sheet undergoes plastic deformation and flows into the die cavity 
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due to the large applied force. The lower sheet conforms to the shape of the cavity, 
forming a buttonhole at the bottom. 
4) Compressing and Releasing: The punch continues the stroke, pushing the rivet inside 
the sheet metals further. The punch stops when it reaches a predetermined force or 
stroke and then the punch slowly releases. 
One of the important factors of SPR is the riveting velocity, which is related to the 
strain rate of the sheets being joined, has a significant effect on the joint quality. Depending 
on the SPR equipment, the maximum riveting velocity can range from ≈ 110 mm/s to 400 
mm/s [157]. Considering the large variation in rivet length, the strain rate experienced by the 
sheets can range from 10-3-101 s-1 [158], or lower and higher. Riveting velocity may also vary 
during rivet insertion due to material resistance to deformation. Besides, the punch stops and 
retracts at the end of riveting is another indication that strain rate during riveting is not 
constant. Therefore, understanding the strain-rate sensitivity of the parts to be joined can 
provide insights into the deformation during riveting.  
 
2.2.2.1 Applicability of SPR to Magnesium Alloys  
 
SPR involves large and highly localised plastic deformation [159] that can lead to 
cracking, especially, in the material used as the lower sheet in the joint. This is particularly 
the case for magnesium alloys. Cracking of magnesium sheet during SPR is due to the poor 
room-temperature ductility of magnesium [157], which is mainly attributed to a lack of 
independent basal slip systems in HCP crystal structure [160]. The ductility of die-cast alloys 
is also lower than that of wrought alloys at room temperature. Therefore, most studies have 
focused on SPR of wrought magnesium alloys [144, 158, 161-163]; SPR of die-cast 
magnesium alloys is sparsely reported [164, 165]. 
In the riveting of extruded aluminium alloy 6063 (upper) to die-cast magnesium alloy 
AM50 (lower) as shown in Figure 2.13 (a), cracking of lower magnesium sheet was observed 
after riveting which may lead to subsequent failure under loading [164]. When similar rivet 
and die configurations were applied to aluminium alloy 5754 (upper) to join wrought 
magnesium alloy AZ31B (lower), no crack was found in the joint (Figure 2.13 (b)) [164], 
probably due to higher ductility of wrought AZ31B compared to die-cast AM50. 
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 Figure 2.13: Cross-section view of (a) upper extruded aluminium alloy 6063 to lower die-cast 
magnesium alloy AM50 where cracking is observed on AM50 sheet after riveting and (b) 
upper wrought aluminium alloy 5754 to lower wrought magnesium alloy AZ31B and no 
crack is found [164]. 
 
To improve the riveting ability of magnesium alloys, preheating them before riveting is 
an option to increase the plasticity through activation of additional slip systems in the HCP 
structure [158, 161, 166]. However, machine tools that can quickly deliver the right 
temperature conditions to achieve heating without increasing the SPR cycle time are rare. 
Thus, laser beam has been proposed as an add-on machine tool with minimal modification to 
existing SPR equipment [162]. Lasers have been used to preheat AZ31B-H24 magnesium 
alloy strips to different temperatures and crack-free joints are achieved when strips are 
preheated to temperatures above 200 °C before rivet insertion [162]. However, this two-step 
process increases process complexity and cost, especially when laser heating is used. 
Therefore, conventional SPR without laser assistance is still preferred in an industrial 
environment. 
Another attempt to improve SPR joining of magnesium alloys was proposed by 
combining the joining mechanisms of friction stir spot welding and SPR [144, 167, 168], 
allowing the rivet to rotate at high speed, thus increasing the friction heat to soften the 
magnesium alloys being joined during the riveting process. This F-SPR process is able to 
improve the riveting ability of magnesium alloy AZ31B, as compared to the traditional SPR 
process [144].   
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2.3 Deformation Behaviour 
 
Materials deformation behaviour, commonly seen in the form of stress-strain curve, is 
an important graphical measure of a material’s mechanical properties. Unlike steel and 
aluminium which exhibit only elasticity and plasticity, the deformation behaviour of 
magnesium can be separated into three stages: elastic, anelastic and plastic [169-173] as 
shown in Figure 2.14.  
 
 
Figure 2.14: An overview of the cyclic tension loading-unloading stress-strain curve of pure 
magnesium where the total strain (εt) can be separated into elastic strain (εe), anelastic strain 
(εae) and plastic strain (εp). E is the elastic modulus (44 GPa); Esec is the secant elastic 
modulus, and σf  is the flow stress at the start of the unloading [172]. 
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2.3.1 Elasticity 
 
The elastic response of magnesium under stress can be described by a linear 
relationship (Hooke's Law) between the individual stresses and the corresponding strains, 
where the elastic modulus is measured. The elastic modulus in magnesium and alloys may 
vary between 44 and 46 GPa [174, 175] depending on grain size and solute content. Hence, 
the nominal elastic modulus for magnesium and its alloys is commonly taken as 45 GPa [3] 
as an estimate. During elastic deformation, internal (elastic) strain develops linearly in all 
grains driven by stretching of atomic bonds, differing only by the elastic anisotropy, which in 
magnesium is minor [87, 176]. The linear elastic region has been observed to extend up to 
only ~ 25 MPa for pure magnesium [170, 176] and 40-50 MPa for alloys [171, 177]. The 
relatively small linear elastic region further complicates the elastic modulus determination, 
and results in a wide range of measured proof stress values for the same alloy as shown in 
Table 2.3. 
 
Table 2.3: Comparison of proof stress obtained by conventional 0.2% offset method based on  
ISO 6892-1 [178] and ASTM E8M-09 [179] for HPDC magnesium alloys reported in 
literature. 
HPDC Magnesium Alloy 0.2% Proof Stress (MPa) References 
AM40 108*-120 
[42] 
Mg-4Al-1La 110*-133 
Mg-4Al-2La 113*-140 
Mg-4Al-4La 128*-155 
Mg-4Al-1Ce 129*-146 [39] 
Mg-4Al-4(Ce/La) 132*-160 [44] 
AE44 (RE=Ce-rich mischmetal) 127*-140 [47] 
AM60 125-127* [180] 
AZ91D 150-154* [181] 
     * Unpublished data taken from Magontec [34]. 
 
2.3.2 Anelasticity 
 
Past the linear elastic region, the internal strains begin to diverge from linear elastic 
loading when grains with a favourable orientation to the stress axis (soft-oriented grains) 
undergo plastic deformation by basal slip while those with harder orientations undergo 
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twinning [182]. This often results in non-linearity at low strains even before significant 
plastic deformation has occurred. 
Extensive {101�2} <101�1> twinning in this region leads immediately to anelasticity, 
also commonly known as pseudo-elasticity. The {101�2} extension twinning results in an 
86.3⁰ reorientation of the basal pole [66, 93]. Because of this nearly 90⁰ reorientation, de-
twining occurs in the twinned areas at subsequent reversed loading [94, 183]. During loading, 
the positions of twins in the deformed state are not stable [184], and a driving force (provided 
by the tensile stresses in grains which have just experienced twinning) can cause the twins to 
return to their original positions during unloading [185]. In-situ neutron diffraction studies on 
pure magnesium and magnesium-7.7 at.% aluminium alloy [186] and magnesium-8.5 wt.% 
aluminium alloy [187] confirmed that partial reversion of {101�2} twins is the main cause for 
anelasticity in magnesium and its alloys. Figure 2.15 illustrates the partial reversal of twins in 
pure magnesium, when the specimens were under load and subsequently unloaded [170]. 
 
 
Figure 2.15: Pure magnesium (a) loaded and (b) unloaded. The arrows indicate twins that 
become thinner upon unloading [170]. 
 
This reversible movement of twin boundaries results in large hysteresis loops (Figure 
2.14) and the amount of anelasticity is determined from the width of the loop. The closed 
loop indicates that some energy, in addition to the plastic strain energy, has been introduced 
into the material (closed loop area) when the external force has been removed [169]. This is 
believed to be the stacking fault energy due to twinning during deformation. 
Similar anelastic behaviour in the form of hysteresis loops has also been observed in 
sand-cast pure magnesium and magnesium-zinc alloys [170], magnesium-aluminium alloys 
[188], die-cast AZ91 [171], AM60 and AE44 [169], zirconium [189], and also in other HCP 
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metals [190] cycled in tension or compression after being plastically deformed. This anelastic 
behaviour is essentially similar to the superelastic behaviour in shape memory alloys, where 
it is however, due to stress-induced martensitic transformations [191-193]. 
Hysteresis loop testing on iron, aluminium, titanium, zinc and magnesium [194] 
showed that the width of the hysteresis loops (magnitude of anelasticity) differed markedly 
with the type of metal (Figure 2.16). The loops appeared to be very narrow for iron (body-
centred cubic, BCC) and aluminium (face-centred cubic, FCC) that deform mainly by 
dislocation, whereas they were wider for HCP metals like magnesium that readily undergo 
mechanical twinning. This further corroborates the idea that twinning and not dislocation is 
responsible for the hysteresis loops. 
 
 
Figure 2.16: Stress-strain hysteresis loops for Fe, Al, Ti, Zn and Mg cycled in tension [194]. 
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As oberved in Figure 2.14, a series of secant moduli, Esec, can be defined. As plastic 
pre-strain or applied stress amplitude increases, the loop width increases and grows to a 
maximum after 1–2% plastic strain, becoming slightly narrower afterwards [169-171]. The 
levelling-off of the hysteresis loop size after a plastic strain of about 1-2% has been ascribed 
to the combination of two factors [189]: (i) exhaustion of the numbers of twin nuclei; (ii) 
decreased mobility of the twin boundaries due to increased dislocation activity. 
Esec decreases with increasing loop width. Esec decreases to around 60% for die-cast 
AE44 and AZ91 [169, 171], 53% for sand-cast AZ91 [171], 50% for sand-cast Mg-2Zn and 
Mg-6Zn [170], of the nominal elastic modulus of magnesium alloys (E=45 GPa) [174]. Esec 
increases again after 1-2% plastic strain as the loop gets narrower. 
The stronger material will show a smaller decrease in Esec [170, 171]. For instance, 
there was a smaller decrease in Esec in small-grained die-cast AZ91 than large-grained sand-
cast AZ91 [171] and a smaller decrease in Esec in alloys compared to pure magnesium [170] 
when Esec was plotted as a function of applied plastic strain. 
The development of anelastic strain when a material is plastically deformed creates a 
problem to engineers trying to base design on a constant value of elastic modulus. If the 
anelastic effect is large, conventional formulae relating stress and strain become invalid, as 
the material may show enhanced damping due to the inherent hysteresis in elastic range. 
Choosing an appropriate offset strain for proof stress measurement becomes difficult as the 
transition from elastic to plastic becomes indistinct in the presence of anelasticity. It is, 
therefore, important to understand the factors that affect the anelastic behaviour of 
magnesium and its alloys.   
 
2.3.2.1 Effect of Loading Direction 
 
Anelasticity is less affected by loading direction in cast alloys. This is because cast 
magnesium alloys have random texture and the orientation of grains is relatively random [63, 
99, 100, 195]. The amount of anisotropy observed in cast magnesium alloys is very small, 
and cast alloys are sometimes considered isotropic [196-198]. There was no difference in 
anelastic strain and Esec in HPDC AE44 cycled in compression and tension [169]. There was 
only a slight increase in anelastic strain in compression samples as compared to tension 
samples for sand-cast magnesium-zinc alloys [170] and magnesium-aluminium alloys [188]. 
The minor difference in anelasticity is because even in a randomly-oriented polycrystalline 
aggregate, the fraction of grains having their c-axes favourably oriented for {101�2} twinning 
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is still smaller than the fraction favourably oriented for {101�2} twinning in compression [63]. 
Thus, the anelastic effect that depends on the activation of {101�2} twinnning is expected to 
be larger in compression. 
In wrought alloys, anelastic-like hysteresis effect has been reported to be more 
pronounced under compression than tension due mainly to the texture effect [185, 199]. In 
extruded magnesium-8.5 wt.% aluminium alloy, the anelasticity in compression was almost 
twice that in tension at 1% plastic strain along the extrusion direction [187]. Observation 
from in-situ neutron diffraction showed that most of the grains were oriented with their c-
axes (basal pole) perpendicular to extrusion axis [187]. Hence, {101�2} extension twinning 
could be easily activated under compression along the extrusion direction as a result of 
anisotropy. 
 
2.3.2.2 Effect of Grain Size 
 
Twinning is usually more difficult in the small-grained materials [77, 186]. Since 
anelasticity is a directly effect of twinning, as twinning becomes more difficult, anelasticity 
should decrease in small-grained materials. However, contrary to the expectation, smaller-
grained materials appear to have larger anelasticity than large-grained [170-173, 175] as 
shown in Figure 2.17. 
The larger anelastic effect in small-grained pure magnesium and alloys has been 
explained by the effect of grain size on the number and stability of twins [171]. Firstly, for a 
given strain in a random polycrystalline aggregate of magnesium, the total number of twin 
nuclei can be expected to be proportional to the number of grains favourably oriented for 
twinning. Secondly, the grain boundary area, where twins often nucleate, is also larger for 
small grain size, and this can increase the number of twins. Thirdly, the interfacial energy per 
unit volume of twinned material is likely to be larger for smaller twins, and small twins will 
require less accommodation at their ends by dislocation slip, with its concomitant stabilising 
effect. These effects make smaller twins less stable. Thus, for a given strain, a small grain 
size can be expected to result in an increased number of small and unstable twins that are 
more prone to revert upon unloading, magnifying the anelastic strain. 
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 Figure 2.17: Anelastic strain (%) at 2% of plastic strain of pure magnesium [170, 172, 173], 
AZ91 [171], Mg-0.8Zn and Mg-2.3Zn [173] and Mg-1.5Gd [172] as a function of grain size. 
 
2.3.2.3 Effect of Precipitates 
 
Sand-cast AZ91 alloy that was solution heat-treated at 413 °C for 20 h (denoted as sc 
T4) and aged for either 16 h or 120 h at 165 °C (labelled sc T6 and sc 120 h, respectively) 
was compared with die-cast AZ91 alloy in different section thicknesses 1, 2, 6 mm [171]. The 
anelastic strain of aged sand-cast alloys, regardless of heat-treatment conditions, was 
significantly lower than that of the die-cast AZ91 in as-cast state as shown in Figure 2.18. 
But, this reduced anelasticity could also be due to larger grain size in the sand-cast alloy. The 
effect of precipitates due to heat treatment on anelasticity was not clearly studied. 
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 Figure 2.18: The anelastic strain as a function of the applied tensile (solid lines) or 
compressive (dashed lines) plastic strain, for AZ91 in two different casting conditions: sand-
cast (sc) and high-pressure die-cast (hpdc) [171]. 
 
The effect of precipitates on anelasticity has not been directly studied, but precipitates 
have been observed to influence twinning. Precipitates have been reported to induce cross-
slip on the prism planes and suppress {101�2} twins [200], depending also on the shape of 
precipitate [201].  
Robson et al. [202] investigated the effect of precipitates on {101�2} twinning by 
deforming a strongly textured magnesium-5 wt.% zinc alloy in an orientation to activate 
{101�2} twinning and compared the final microstructures of the age-hardened with unaged 
specimens. They observed an increase in the number of {101�2} twins, but decrease in total 
twinned area fraction in the aged specimens. This suggests that presence of precipitates can 
suppress {101�2} twin growth but increase twin nucleation, leading to finer twins in aged 
specimens. 
The {101�2} twin can grow laterally and consume entire grains in a precipitate-free 
matrix. In the case of an age-hardened alloy, if the lateral growth of twins is limited by 
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precipitates then the grain will be subject to higher stress because the imposed strain cannot 
be accommodated by the twin. This high stress state enables the nucleation of new twins 
within the grain to accommodate applied strain. This accounts for the formation of more finer 
twins in the age-hardened condition [203]. Finer twins are more unstable and more likely to 
revert upon unloading [171]. 
 
2.3.2.4 Effect of Solute Content 
 
The addition of solute elements has been observed to decrease the amount of 
anelasticity, in particular the addition of Zn and Gd. The anelasticity of sand-cast pure 
magnesium and magnesium-zinc alloys covering a range of zinc contents from dilute (less 
than 0.4 at.% or 1 wt.% zinc) to concentrated (concentrations up to 2.5 at.% or 6 wt.% zinc) 
solid solutions has been studied [170]. The largest anelastic effect is observed in pure 
magnesium and the anelastic effect decreases with increasing zinc solute concentration as 
shown in Figure 2.19 (a). 
Likewise, for magnesium-gadolinium alloys with various gadolinium contents from 
dilute (gadolinium < 0.4 at.%) to concentrated (up to 4.2 at.%) solid solutions, the addition of 
gadolinium reduces the magnitude of anelastic strain and shifts the onset of anelastic strain 
towards larger plastic strains [172, 204] as shown in Figure 2.19 (b). 
Although there is a monotonic decrease in anelasticity with increasing zinc and 
gadolinium contents, the same cannot be said for the effect of aluminium content. 
Anelasticity is observed to decrease with increasing aluminium content from pure magnesium 
up to 2 wt.% aluminium; anelasticity then increases significantly in the concentrated 
magnesium-9 wt.% aluminium alloy [188] as shown in Figure 2.19 (c). 
The difference in the effect of solute on the anelastic behaviour of magnesium-zinc, 
magnesium-gadolinium and magnesium-aluminium alloys can be explained by short range 
order [188] as decribed below. 
Firstly, both zinc and gadolinium have a strong tendency to develop short range order 
[205] while aluminium forms near random solid solutions [206]. The {101�2} twins have been 
described as “shuffling dominated” [207, 208] and they become more difficult when short 
range order is present [209]. Secondly, presence of small amounts of solutes, like zinc and 
aluminium causes solid solution softening in magnesium alloys, attributed to the reduction of 
the CRSS of prismatic slip [62]. Note that softening of prismatic slip has only been confirmed 
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for zinc and aluminium solute contents up to 0.5 at.% [62], higher solute levels have not been 
investigated.  
 
 
Figure 2.19: Anelastic strain as a function of the tensile (solid lines) and compressive (dashed 
lines) plastic strain, for pure magnesium and various (a) zinc contents [170], (b) gadolinium 
contents [172, 204] and (c) aluminium contents [188]. 
 
Based on the above information, it is proposed that at low solute concentrations 
(regardless of the types of solutes), solid solution softening of prismatic slip increases with 
the solute concentrations, and twinning becomes progressively less necessary as a 
deformation mechanism, reducing the anelastic effect. At higher concentrations, solid 
solution hardening of prismatic slip occurs, and twinning gradually becomes a prominent 
deformation mechanism. But, magnesium-gadolinium and magnesium-zinc alloys also 
develop short range order, making {101�2} twinning more difficult. It is likely that the 
decrease in {101�2} twinning by short range order is more than the increase in {101�2} 
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twinning by hardening of slip planes, lowering the anelastic strain in magnesium-gadolinium 
and magnesium-zinc alloys. In contrast, magnesium-aluminium alloy is strengthened by 
much weaker random solid solution effects which have little hardening effect on the {101�2} 
twinning. At higher concentrations, presumably above 2 wt.% aluminium, prismatic slip 
becomes more difficult while twinning is not hardened by aluminium; the relative propensity 
for twinning increases, thereby increasing the anelasticity at high levels of aluminium. 
 
2.3.3 Plasticity 
 
In most HCP metals, including titanium and zirconium, twinning is preceded by gross 
dislocation plasticity and it is difficult to separate the respective hardening effects [210]. 
However, twinning in magnesium ({101�2} twinning) is activated at very low stresses after 
basal slip [63, 186], with little plastic deformation [170, 174, 211]. The possibility of 
isolating the hardening effects of twinning from those of dislocation slip was first 
investigated by Cáceres et al. [212] based on the Kocks-Mecking method of analysis [213, 
214] as described below. 
When the dominant source of strain hardening is caused by dislocations (this is true for 
pure FCC and HCP materials where the lattice resistance to dislocation motion is negligibly 
small), then plastic flow stress, σp relates to the dislocation density, 𝜌 as [214-217]: 
 
             σp = σ − σy= αμb�𝜌              (2.5) 
 
where σ is the flow stress, σy is the yield stress, α is a constant assumed independent of 
the strain, μ is the shear modulus, and b the magnitude of the Burgers vector of the 
dislocations. σp increases with plastic strain, εp due to dislocation storage (dislocations 
stopped by obstacles). The rate of accumulation of dislocations can be written as [214, 216, 
218]: 
 
             d𝜌
dεp
 = 1
𝑏𝐿
 = �𝜌
𝛽𝑏
                 (2.6) 
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where L is the dislocation mean free path, also defined as the distance traveled by a 
dislocation segment of length 𝑙 before it is stopped by obstacles [219], and a constant 𝛽. 
Differentiating Eq. (2.5) and combining with Eq. (2.6) leads to: 
 
                   σp
dσp
dεp
 = (𝛼𝜇𝑏)2
2
d𝜌
dεp
                          (2.7) 
 
Eq. (2.7) begins with a linear phase during steady dislocation accumulation, for 
example when dislocation density increases linearly with deformation. At higher stresses, a 
mechanism known as dynamic recovery will be activated, allowing some dislocations 
stopped by obstacles to escape (dislocation annihilation), and Eq. (2.7) starts to drop. This 
corresponds to the declining slope in stress-strain curves. Note that dynamic recovery is 
dependent on temperature and strain rate [214].  
Eq. (2.7) can be extended to account for the dynamic recovery effect [214, 216]: 
 
                                                      σpΘ = σp(Θh- Θr ) (σ, ε̇, T)             (2.8) 
 
where Θh is the athermal contribution to Θ= dσpdεp , and Θr is the thermal component which 
describes the dynamic recovery rate, and accounts for any softening effects due to dislocation 
annihilation as temperature and/or applied stress increase and/or strain rate decreases. Note 
that Eq. (2.8) embodies two mechanisms, not two stages: both mechanisms may occur 
simultaneously. 
In polycrystals of magnesium and its alloys, the end of anelasticity is marked by the 
onset of extensive plastic deformation by harder non-basal slip systems. Observations from 
published work [176, 177, 215, 220] suggest that plastic deformation can be further separated 
into two stages: deformation first by <a> prismatic slip, followed by <c+a> pyramidal slip 
systems [182]. Hence, Θh in Eq. (2.8) dominates in region with extensive <a> prismatic slip 
while Θr occurs at larger stresses and strains when <c+a> pyramidal slip activates [215]. 
When most grains become fully plastic by extensive activation of <a> prismatic slip, 
the strain hardening rate, Θ ≈ Θh becomes linear and drops to a lower value, varying from 1 
to 2 GPa (i.e. 1.4 GPa for magnesium-9 mass% aluminium [177] and 1.8 GPa for AZ31 
[176]) depending on the alloy compositions, with an average of about 1.4 GPa as observed in 
pure magnesium polycrystals [177, 215], a value commensurate with athermal accumulation 
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of forest dislocations [212, 215, 220]. The extent of this linear hardening region is controlled 
by how easy it is to activate <c+a> pyramidal slip, which might be dependent on factors such 
as solute content and strain rate. For example, the linear <a> prismatic slip region has been 
observed to be more extended in pure magnesium than in the Mg-9Al alloy [177]. The reason 
for this is unknown. It is hypothesised that the increase in solute content in the Mg-9Al 
delays the onset of <a> prismatic slip, but has little effect on <c+a> pyramidal slip, 
shortening the transition between <a> prismatic and <c+a> pyramidal slip. 
As applied stress and strain increase to a higher level (for instance past 175 MPa at 
strains above 4~5% for AZ31 as identified by neutron diffraction [176]), <c+a> pyramidal 
slip activates. The strain hardening rate then decreases slowly in this stage due to dynamic 
recovery. 
Mechanical behavior of magnesium is controlled by the CRSS and hardening responses 
of a variety of slip and twinning modes. Separating the flow curves into different regions and 
isolating the hardening effects of each slip and twinning modes can help to better understand 
the deformation behaviour of magnesium and its alloys.  
 
2.4 Strain-rate Sensitivity of Magnesium Alloys 
 
Pure magnesium and magnesium alloys with low solute concentrations tend to show 
pronounced strain-rate sensitivity in mechanical testing due to the HCP crystal structure 
[221]. As shown in Figure 2.20, the flow stress increases with increasing strain rate, ε̇ in a 
HPDC AS21 magnesium alloy. 
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 Figure 2.20: Stress-strain curves of HPDC AS21 with a best fit model of stress, σ as a 
function of strain, ε and strain rate, ε̇ [36]. 
 
When there is a change in mechanical response under different strain rates, a material is 
said to be strain-rate dependent and strain-rate sensitivity becomes an important parameter. 
The flow stress, σ can be represented by Eq. (2.9) [36] where ε is the strain, n is the strain 
hardening exponent and m is the strain-rate sensitivity, also represented by Eq. (2.10) [221-
223]:   
 
  σ = ε 𝑛 ε̇ 𝑚                                                               (2.9) 
                                                              m =  𝛿 ln(σ)
𝛿 ln(ε̇ )                                                             (2.10) 
 
The strain-rate sensitivity for magnesium alloys has been observed to increase with 
increasing temperature [68, 224], and decreasing grain size [106, 225]. In commercial 
magnesium-aluminium based alloys, the main alloying element, aluminium, is an important 
factor. In fact, the aluminium content has been observed to influence the strain-rate 
sensitivity of magnesium alloys [36, 224, 226-228], although the effect reported is still 
somewhat unclear. 
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2.4.1 Effect of Aluminium Content 
 
Room temperature tensile and compressive stress-strain data of pure magnesium [106], 
and various ternary magnesium alloys [36, 228-234] at creep and quasi-static strain-rates, 10-
6-100 s-1 have been re-analysed from several studies and plotted in Figure 2.21. 
 
 
Figure 2.21: Strain-rate sensitivity, m versus aluminium content (wt.%) for pure magnesium 
[106], and various ternary magnesium alloys [36, 228-234]. The arrow indicates the two 
HPDC AM60 samples which have similar casting procedure [36, 228]. 
 
It is observed that pure magnesium has the highest strain-rate sensitivity, and strain-rate 
sensitivity decreases rapidly with increasing aluminium content with the strain-rate sensitivity 
becoming negligible when the aluminium content is more than 3 wt.% at these low strain 
rates. A similar observation was reported [226], but they were not certain if the strain-rate 
sensitivity was influenced by the aluminium in solid solution or β-Mg17Al12 reinforcing 
phase. 
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Note that similar HPDC AM60, as annotated in Figure 2.21, showed similar strain-rate 
sensitivity under both tension [36] and compression [228]. This is expected as HPDC 
magnesium alloys are isotropic in behaviour [196-198]. The strain-rate sensitivity of an 
extruded Mg-1Al alloy was observed to be 30% lower than that of pure magnesium at 10-4-
10-1 s-1 [224]. The alloy was solution treated indicating that strain-rate effect is also 
independent of processing conditions. 
The high strain-rate sensitivity in HPDC magnesium alloys with lower aluminium 
content was observed to manifest as an increase in work hardening rate and tensile to yield 
ratio at higher strain rates [36]. This may be beneficial during vehicle impact as rapidly 
deforming regions of magnesium components would exhibit the highest strength, 
encouraging the spread of deformation to other parts of the components, maximising the 
energy absorption. 
While some observed a correlation between aluminium content and strain-rate 
sensitivity, others did not. Aune et al. [227] studied the behaviour of die-cast AM50, AM60 
and AZ91 alloys at 15-130 s-1, but did not observe a significant variation in strain-rate 
sensitivity between the alloys despite a difference in aluminium content. This could be due to 
three factors. Firstly, they only investigated alloys with aluminium contents greater than 5 
wt.% when the strain-rate sensitivity is relatively low (Figure 2.21). Secondly, their 
investigated strain-rate range may be too small (covering less than one order of magnitude) to 
see the effect of strain rate. Thirdly, their strain rates are significantly higher, falling in 
between quasi-static (typically < 100 s-1) and dynamic (≥ 103 s-1) domains. The latter two 
factors may be more plausible since AE44 (reported to have very low aluminium solute in the 
magnesium matrix ≈ 2.3 wt.% [235]) also showed no strain-rate sensitivity in similar strain-
rate range (100-300 s-1) [236]. Research on this strain-rate range, 100-102 s-1, is hard to find 
due to experimental challenges. 
 
2.4.2 Mechanisms of Strain-rate Sensitivity 
 
The strain rates commonly applied in mechanical testing can be further divided into 
four categories: creep strain rates (≤ 10-5 s-1), quasi-static (10-4-10-1 s-1), intermediate (100-102 
s-1) and machining or dynamic strain rates (≥ 103 s-1) as shown in Figure 2.22. Mechanical 
properties of magnesium alloys are commonly tested at quasi-static and dynamic strain rates 
due to the availability of testing equipment. Strain-rate sensitivity data are missing in the 
intermediate (quasi-static to dynamic transition) region, mainly due to experimental 
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challenges. There is also a severe lack of strain-rate sensitivity data at creep strain rates, 
because tests in this region are time consuming. 
 
 
Figure 2.22: Strain-rate sensitivity, m as a function of strain rates covering from creep to 
dynamic strain rates, for pure magnesium [106] and other ternary magnesium alloys [36, 229, 
230, 237, 238]. Note the strain rate shown corresponds to the average of the upper and lower 
values re-analysed from these studies. 
 
As shown in Figure 2.22, strain-rate sensitivity increases with decreasing strain rate at 
creep strain rates for pure magnesium [106], although further research is required to see if 
alloys also behave the same way. At dynamic strain rates, in excess of 103 s-1, strain-rate 
sensitivity increases with strain rates in cast Mg-9E-4Zn [238], AZ31 and AZ61 [101] and 
AZ91 [101, 237] magnesium alloys. 
It is also interesting to see that the strain-rate sensitivity at dynamic strain rates is 
significantly higher than that at quasi-static strain rates. In fact, strain-rate sensitivity has 
been observed to increase by two orders of magnitude from 10-4-10-1 s-1 (quasi-static) to 2700 
s-1 (dynamic) in an extruded Mg-8Li-1Al-1Ce [239]. At dynamic strain rates, the volume 
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fraction of twinning has been reported to increase significantly and deformation mechanism 
is a combination of dislocation and twinning [239]. 
At quasi-static strain rates 10-4-10-1 s-1, published results on strain-rate sensitivity are 
ambiguous. Pure magnesium [106] and extruded AZ31 alloy [229, 240] exhibited high strain-
rate sensitivity, and strain rate sensitivity increased with decreasing strain rate. The increase 
in strain-rate sensitivity with decreasing strain rate was attributed to the suppression of 
twinning and activation of slip-induced grain boundary sliding [240]. Absence of work 
hardening in stress-strain curves at low strain rates ≤ 10-4 s-1 [106] further suggests that 
twinning may be absent and basal slip may be the dominant deformation mechanism. 
However, an extruded AZ31 alloy was tensile tested at strain rates between 10-5-10-2 s-1 
and high strain-rate sensitivity observed below 10-4 s-1; there was no strain-rate sensitivity in 
between 10-4-10-2 s-1 [230]. To give another example, die-cast AM20, AM50, and AM60 
showed almost no strain-rate sensitivity between 10-3-100 s-1 regardless of the difference in 
aluminium content [228]. 
Overall, some observed high strain-rate sensitivity [106, 229, 240], while some 
observed very low strain-rate sensitivity and strain-rate sensitivity was little affected by strain 
rates in the quasi-static region [228, 230, 241], regardless of aluminium content. To date, 
there remains some contradiction in the literature in regard to the strain-rate sensitivity at 
creep, quasi-static, intermediate and dynamic strain rates. 
A change in strain-rate sensitivity often suggests a change in deformation mechanism. 
This is interpreted from the different fracture surfaces obtained from samples deformed at 
different strain rates as summarised in Table 2.4. 
As shown in Table 2.4, it appears that there is a change in material behaviour from 
ductile at creep strain rates to brittle at quasi-static strain rates and back to ductile at dynamic 
strain rates. Brittle fracture has been attributed to deformation by twinning as twin is known 
to provide a crack path [240], while ductile fracture is frequently associated with an 
increasing number of slip systems [228]. 
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Table 2.4: Different types of fracture surfaces observed in magnesium alloys deformed at 
wide strain-rate range.  
Strain-rate 
Region 
Applied Strain 
Rate (s-1) Fracture Surface References 
Creep 
10-8 Ductile/Highly-dimpled Extruded AZ31 [240] 
10-5 Quasi-cleavage fracture with small dimples 
Extruded AZ31B 
[230] 
Quasi-static 
10-4 Brittle intergranular fracture Extruded AZ31 [229] 
10-3 
Cleavage fracture with surface 
steps 
HPDC AM20 
[228] 
10-2 Extruded AZ31B [230] 
10-1 Quasi-cleavage with some shallow dimples 
Extruded AZ31 
[229] 
Dynamic 103 Ductile fracture with significant amount of micro-dimples 
HPDC AM20 
[228] 
 
Decreasing strain rate below 10-5 hinders twin activation and basal slip becomes the 
dominant deformation mode in pure magnesium polycrystal [242]. This may be due to less 
dislocations being piled-up at grain boundaries [243] and better connectivity between grains 
that are favorably oriented for basal slip [242]. If basal slip can accommodate deformation, 
twinning becomes less necessary. As strain rate increases, it is generally accepted that at 
room temperature and quasi-static rates, the deformation mode is a combination of slip and 
twinning in magnesium and alloys. At dynamic strain rates, deformation heating occurs, and 
this increases the number of slip systems, leading to a ductile fracture, for example in die-cast 
AM20 [228].  
  
2.5 Summary: Literature Gaps and Research Hypotheses 
 
From the literature, four gaps are identified and research hypotheses are formulated as 
shown in Figure 2.23. These gaps will be investigated in the subsequent chapters. 
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 Figure 2.23: Missing gaps in the literature and their respective hypotheses and importance. 
 
The existing issue with the deformation behaviour of magnesium and alloys is the early 
activation of <a> basal slip at low stress levels. But, the hexagonal closed-packed crystal 
structure provides only two independent basal slip systems, and this does not satisfy the von 
Mises-Taylor criterion. To add to the complexity of deformation behaviour, the non-basal 
slips (<a> prismatic and <c+a> pyramidal slip) only activate at higher stress levels at room 
temperature. Therefore, twinning is activated to accommodate plastic deformation. Profuse 
twinning at low stresses and strains further complicates the deformation behaviour of 
magnesium alloys. This is because twins formed are unstable in the loaded condition, and 
they can partially revert upon unloading. Presence of non-linear reversible deformation 
(anelastic deformation) can influence properties, such as fatigue strength, apparent stiffness, 
sound dampening and yield strength.  
Therefore, lowering the critical resolved shear stress (softening) of the non-basal slips 
or delaying the activation (hardening) of <a> basal slip and twinning can improve the 
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mechanical properties, such as strength and ductility. Improved strengths and high levels of 
ductility are required for die-cast magnesium alloys if they were to be considered for 
structural applications. 
The effects of strain rate and aluminium content on the different slip and twinning 
deformation systems are under reported. Hence, the complex deformation behaviour of die-
cast magnesium alloys requires further understanding for future development of improved 
structural alloys and this forms the basis for this research.  
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Chapter 3 
Experimental Techniques & Procedures 
 
This chapter discusses the experimental techniques, procedures and analyses used in 
this research. This includes the preparation, characterisation, and mechanical testing of 
commercial high-pressure die-cast magnesium alloys AM40 (Mg-4Al-0.3Mn), AM60 (Mg-
6Al-0.3Mn), AZ91 (Mg-9Al-1Zn) and AE44 (Mg-4Al-4RE). Some AE44 specimens were 
subject to heat treatment to produce a precipitation-hardened structure. Scanning electron 
microscopy and optical microscopy were used to characterise the microstructure before and 
after testing. Monotonic and cyclic tension loading-unloading tests were performed to study 
the deformation behaviour at various strain rates.  
 
3.1 Experimental Materials 
 
Magnesium alloys used in this research were cast at Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) using a 250 tonne Toshiba cold chamber high-
pressure die-cast (HPDC) machine. The nominal compositions of these alloys are given in 
Table 3.1 and measured compositions of the alloys using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) are given in Table 3.2. All compositions are in weight 
percent (wt.%). The selection of these alloys was influenced by their use as commercial 
alloys. The casting parameters are given in Table 3.3, although they may vary during each 
casting operation. 
 
Table 3.1: Nominal compositions (wt.%) of magnesium alloys utilised in this study. 
Alloy Mg Al Mn Zn RE (Ce + La) 
AM40 Bal. 4 0.2 - - 
AM60 Bal. 6 0.3 - - 
AZ91 Bal. 9 - 1 - 
AE44 Bal. 4 - - 4 
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Table 3.2: Measured compositions (wt.%) by (ICP-AES). 
Alloy Mg Al Mn Zn RE (Ce + La) 
AM40 Bal. 4.44 0.21 0.05 <0.01 
AM60 Bal. 6.26 0.29 0.1 <0.01 
AZ91 Bal. 8.88 0.19 0.74 <0.01 
AE44 Bal. 3.67 0.31 <0.01 2.5 + 1.33 
 
Table 3.3: Casting parameters for HPDC magnesium alloys in this research. 
Casting Parameter Parameter Value 
Melt Temperature 740 °C 
Oil Heaters in Both Halves of the Die 250 °C 
Accumulator Pressure 110 kg/cm2 
Ram Velocities, Slow Speed Approximately 0.36 ms‐1 
Ram Velocities, High Speed Approximately 2.2 ms-1 
Average Die Fill Time 600 ms 
Die Open Time 4 s 
 
The alloys were cast into a 3-cavity test bar die, consisting of two “dog-bone” shaped 
tensile bars and one flat test specimen as shown in Figure 3.1. Round “dog-bone” tensile bar 
has a nominal diameter of 5.6 mm in the gauge length section and flat “dog-bone” shaped 
tensile bar has a thickness of 3 mm. The dimensions for round and flat specimens are shown 
in Figure 3.2 (a) and (b) respectively. 
 
 
Figure 3.1: A HPDC casting showing two round and one flat tensile samples [1]. 
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Figure 3.2: Schematic diagrams of (a) round and (b) flat “dog-bone” shaped tensile bars. All 
dimensions are in mm. 
 
3.1.1 Heat Treatment for AE44 
 
Some AE44 specimens were aged in silicon oil bath at 200 °C for 32 h (labelled T5) 
without applying a prior solution treatment. This ageing temperature was chosen because it is 
the typical temperature experienced during coating and painting for magnesium parts in 
automotive vehicles. HPDC alloys are generally non-heat-treatable because the trapped gas 
pores can expand during heat treatment process, causing surface blistering and bulk distortion 
of cast products [2]. Besides, die-cast magnesium-aluminium-rare earth alloys are supposed 
to be used in the as-cast condition without the application of any heat treatment because it has 
been taken for granted that heat treatment will not provide benefit to these alloys. However, 
ageing treatment at 200 °C for 32 h on magnesium-aluminium-rare earth alloy which contains 
minor manganese addition has been observed to produce significant age hardening as a result 
of precipitation of nanoscale aluminium-manganese particles without a significant loss in 
elongation to failure [3]. This interesting finding led to the T5 treatment on AE44 alloy which 
has 0.3 wt.% manganese in order to investigate the effect of ageing on strain-rate sensitivity 
in this research. It should be noted that the AE44 specimens did not show any signs of surface 
blistering or dimensional change after T5 treatment. After T5 treatment, AE44 samples were 
quenched in a large bucket filled with room-temperature water for convenience. Quenching is 
not a critical operation in T5. 
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3.2 Sample Preparation  
 
Electron backscattered diffraction (EBSD) was extensively involved in this research to 
quantify the types of twins in HPDC magnesium alloys subjected to tensile testing at varying 
strain rates. A problem arises when the standard polishing procedures for optical microscopy 
does not necessarily result in a satisfactory surface quality for EBSD. On many occasions, a 
magnesium alloy specimen was polished to a good surface finish when observed under 
optical microscopy or scanning electron microscopy (SEM), yet failed to provide a 
satisfactory EBSD kikuchi pattern. When this occurs, the only solution is to remove the 
specimen from the SEM vacuum chamber and repolish the surface again. Achieving good 
surface finishing for EBSD is time-saving in this research. This section summarises the key 
steps of metallographic preparation procedures, which are cutting, mounting, grinding and 
polishing, with special attention paid to achieving a satisfactory surface quality for EBSD 
analysis.  
 
3.2.1 Cutting and Mounting 
 
Samples for SEM/EBSD were cut from the gauge sections of the tensile test specimens 
and sliced along the planes containing the loading direction using a low speed saw, Figure 
3.3. The cutting speeds were always kept to the minimum to avoid introducing any 
unnecessary twins. The cut specimen was approximately 10 mm long. After cutting, the 
samples were cold mounted using epoxy resin and hardener with a mixing ratio: 15 parts of 
resin to 2 parts of hardener. Some cold-mounted samples of magnesium alloys are shown in 
Figure 3.4. The samples were left to harden in room temperature for one day. Hot mounting 
was not used in this study in order to prevent any possible microstructural change due to the 
effect of temperature during sample preparation.  
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 Figure 3.3: Struers Secotom cut-off machine for low speed cutting of magnesium specimens. 
 
 
Figure 3.4: Cold-mounted magnesium alloys. 
 
3.2.2 Grinding and Polishing 
 
Cold-mounted magnesium samples were manually ground with silicon carbide paper 
(SiC) with a grit number of 600, with successively finer grit, and finishing at 2400 grit paper 
at 150 rpm using a Struers RotoForce-21 grinder and polisher machine as shown in Figure 
3.5. Each grinding step was first performed by counter rotating grind to remove the prior 
surface deformation layer generated by the previous grinding step, followed by several turns 
of static grinding. This static grinding step is to ensure a scratch free, flat surface when the 
scratches are all marked in same direction. Typically, each grinding step was performed for at 
least 1 minute or until surface was flat and previous scratches disappeared. An alcohol-based 
brown lubricant was used to ensure cooling in each grinding step. Automatic grinding was 
not used because magnesium alloys grind quickly due to their softness, therefore the time and 
effort-saving aspects of the automated method are not important. 
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 Figure 3.5: Struers RotoForce-21 grinder and polisher machine. 
 
After 2400-grit grinding, samples were polished using the same polisher machine in 
Figure 3.5. Automatic polishing was carried out first with 3-μm diamond suspension for 7 
minutes followed by 1-μm diamond suspension for 3 minutes at 150 rpm on Struers micro 
polishing cloths, Mol cloth and Nap cloth, respectively. Samples were rotated in the same 
direction as wheel rotation during polishing. All diamond polishing suspensions used were 
alcohol-based (DP-Suspension A). An alcohol-based yellow lubricant was also used during 
these polishing steps to ensure correct cooling of the sample surface. The lubricants and 
diamond suspensions used are shown in Figure 3.6. 
 
 
Figure 3.6: Struers lubricants and diamond suspensions used in grinding and polishing steps. 
 
Final polishing is the most critical step in the entire process. For final polishing, 0.05-
μm non-drying colloidal silica suspension was used on Struers neoprene polishing cloth 
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(Chem cloth) and specimen was rotated counter to the wheel direction. To avoid over-
etching, ethanol was used as lubricant and the final polishing step should not take longer than 
2 minutes. Details of grinding and polishing steps are summarised in Table 3.4. These 
polishing procedures are purely based on trials for HPDC magnesium alloys, and are not 
related to the recommendations suggested by the manufacturer. 
 
Table 3.4: Grinding and polishing steps for HPDC magnesium alloys. 
Step Paper or Disc Lubricant 
Speed 
(rpm) 
Rotation 
Direction 
(Sample to 
Disc) 
Time 
(min) 
Load 
(N) 
1 (Grinding) SiC 600 Alcohol-
based Brown 
Lubricant 
150 
- 1 - 
2 (Grinding) SiC 2400 
3 (3-μm Polishing) Mol Alcohol-
based Yellow 
Lubricant 
With 
7 
15 4 (1-μm Polishing) Nap 3 
5 (0.05-μm Final 
Polishing) Chem Ethanol Opposite 2 
 
After each grinding and polishing step, the samples were immediately cleaned with 
ethanol and dried with compressed air. It should be noted that water is strictly prohibited at 
any grinding and polishing stages to avoid etching effect. Surfaces of magnesium alloys 
corrode very quickly when exposed to water. After final polishing, samples were stored in a 
vacuum desiccator (Figure 3.7) to minimize surface degradation because magnesium, if left 
unprotected, develops a hydroxide film [4]. Care was taken to prepare samples as close as 
possible to the time at which EBSD analysis was conducted. 
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 Figure 3.7: Vacuum desiccator connected to vacuum pump. 
 
3.2.2.1 Issues with 0.05-μm Colloidal Silica Final Polishing 
 
There are several factors that could result in poor EBSD results. One of the most 
common issues is surface damage caused by the 0.05-μm colloidal silica during final 
polishing. Colloidal silica is reactive to ethanol, and cannot be washed off easily. Having a 
slight film of silica residue sticking on the sample surface, as shown in Figure 3.8, could 
result in strong charging of electron beam and poor EBSD contrast. 
 
 
Figure 3.8: Backscattered SEM image showing surface damage caused by colloidal silica 
residue. 
 
To avoid this issue, immediately after final polishing, the polishing pad (Chem cloth) 
was scrubbed quickly with ethanol until no silica residue was visible. This was then followed 
by a short polish with ethanol (less than 10 seconds) to wash off the residue on the specimen 
surface.  
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From this stage, the specimen was handled with laboratory gloves to prevent 
contamination. Care should also be taken when ultrasonic cleaning magnesium specimen in 
ethanol to remove any excess silica residue that is still embedded on the specimen. Ultrasonic 
cleaning of 90 seconds is recommended; any longer exposure to ultrasonic cleaning will not 
be beneficial, since ethanol inevitably contains some water content and therefore causes 
corrosion. Failure to perform the above workflow properly usually resulted in poor specimen 
preparation, either by surface oxidation or colloidal silica residue, in both cases causing 
excessive charging of the specimen surface under SEM, leading to poor EBSD results. 
 
3.3 Microstructural Characterisation 
 
Optical microscopy and SEM equipped with energy dispersive X-ray spectrometer 
(EDX) and EBSD detectors were used to examine and characterise the microstructure of the 
alloys in as-cast condition as well as following tensile testing in this research. This includes: 
1) Examination and quantification of twinned area fraction in as-cast and deformed  
samples (optical microscopy and EBSD); 
2) Determination of grain orientation and grain size (EBSD); 
3) Characterisation of intermetallic phases and morphologies (SEM and EDX); 
4) Confirmation of aluminium solute level in magnesium matrix (EDX); 
5) Examination of fracture surfaces (SEM). 
 
3.3.1 Optical Microscopy 
 
 Optical microscopy was used for general microstructure observations due to its large 
field of view. This was performed on a Leica optical microscope as shown in Figure 3.9 
consisting of a 10× eye piece, five different object lenses with magnifications of 5×, 10×, 
20×, 50×, and 100×, a high resolution digital camera, and a high performance computer to 
carry out detailed analysis. Image analyses were subsequently performed using Image J 
software, such as to obtain the area fraction of various phases. 
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 Figure 3.9: Leica optical microscope. 
 
3.3.2 Scanning Electron Microscopy (SEM) 
 
Prior to SEM, the samples were thoroughly dried as the scanning electron microscope 
operates with a vacuum chamber. Both FEI Quanta 200 ESEM and FEI Nova NanoSEM 
equipped with EDX and EBSD as shown in Figure 3.10 (a) and (b) respectively, were used. 
Generally, surface finish for optical microscopy is also good for SEM observation. But due to 
the non-conducting nature of the cold-mounted samples, conductive double-sided adhesive 
sheets were used to connect the polished sample surface to the epoxy resin. In the SEM, β-
secondary phases present as bright and α-magnesium matrix appears dark. For imaging, a 
typical working distance of 5-10 mm with an accelerating voltage of 15-30 kV, and spot size 
of 5-6 were utilized for the majority of the microstructural investigations depending on the 
magnification used. Backscattered electron (BSE) mode was also used to enhance the colour 
contrast. 
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 Figure 3.10: Scanning electron microscopes used in the current research. (a) FEI Quanta 200 
ESEM and (b) FEI Nova NanoSEM. 
 
3.3.2.1 Energy Dispersive X-ray Spectroscopy (EDX) 
 
EDX was employed to determine the composition of different phases present in eutectic 
using Aztec software. During EDX measurement, the dead time was usually maintained 
between 25%-35% and the input count (number of x-rays detected in cps) was maintained 
about 1000 in order to get good statistical data. This can be controlled by changing the spot 
size. To measure the aluminium solute level in the α-magnesium matrix, at each sample 
location, a minimum of 150 points were taken in the magnesium matrix with a spacing of 0.1 
µm between each point using EDX line scan. EDX line scan was taken with a holding time of 
30 minutes to ensure significant counts above the background. Five locations were analysed 
for each sample. EDX point scan was sometimes utilized and was taken with a live time of 
minimum 200 seconds. Figure 3.11 shows the EDX line scan of alloys used in this research. 
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Figure 3.11: Backscattered SEM micrographs and EDX line profiles of the α-magnesium 
matrix in (a) AE44, (b) AM60 and (c) AZ91. The aluminium concentration (wt.%) across the 
regions indicated in the SEM micrographs is shown in (d). 
 
3.3.2.2 Electron Backscattered Diffraction (EBSD) 
 
EBSD is a microstructural-crystallographic technique used to examine the 
crystallographic orientation of the materials. In this study, EBSD measurement was carried 
out on FEI Nova NanoSEM, Figure 3.10 (b), with an accelerating voltage of 20 kV, together 
with a working distance of 7-10 mm and a sample tilt angle of 70°. During EBSD mapping, a 
step size of 0.5 µm was used and a magnification was chosen to allow at least 100 grains to 
be present in each EBSD scanning window. 
EBSD data obtained from Aztec software were then analysed by the acquisition 
software HKL Channel 5. First, a clean-up procedure was employed in which the orientation 
of mis-indexed or un-indexed point was replaced with one of its neighbors only if the 
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orientations of at least six neighbors among eight were alike. With the help of this software, 
orientation of the crystal can be exactly determined. Apart from the orientation, some other 
information, for instance, grain/phase boundaries, twin boundaries, and average grain size 
can also be acquired from the EBSD results. To determine the average grain size, a minimum 
of 5 EBSD maps were used per alloy and the average grain size was determined from a 
combination of all maps. Line and circular intercept methods following ASTM standard [5] 
were also used to confirm the grain size. The die-cast magnesium alloys used in this research 
have comparable grain sizes of approximately 8 μm, although there is a substantial variation 
in grain size across the microstructure as shown in Figure 3.12. Twinning types were also 
identified and quantified based on the misorientation angle and axis relationship between 
twin and matrix using the acquisition software HKL Channel 5, following EBSD mapping. 
They are {101�2} twins (i.e. 86° <121�0>), {101�1} twins (i.e. 56° <121�0>), {101�3} twins (i.e. 
64° <121�0>), {101�3}-{101�2} twins (i.e. 22° <121�0>) and {101�1}-{101�2} twins (i.e. 38° 
<121�0>) [6-8]. 
 
 
Figure 3.12: EBSD map of as-cast AE44. 
 
3.4 Mechanical Testing 
 
Two types of mechanical tests were conducted: monotonic tension test and cyclic 
tension loading-unloading test. Both tests were conducted on Instron 5569 with a 50 kN load 
cell as shown in Figure 3.13. Specimens were mounted using v-grips to align the specimens 
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with loading axis to minimise the likelihood of any bending during loading. Specimen protect 
of 2N was enabled to ensure the force on the specimen remains within this pre-set bounds 
during set-up. The extension of the tensile specimen was measured using an Epsilon 25-mm 
extensometer with a +50% / -10% measuring range. 
 
 
Figure 3.13: Instron 5569 Universal Testing Machine. 
 
3.4.1 Monotonic Tension Testing 
 
Monotonic tension testing was performed at wide strain-rate range 10-6-10-1 s-1 at room 
temperature. No further higher strain rates can be achieved due to the limitation of the 
machine. Three samples were tested for each alloy to ensure reproducibility; and the results 
did not deviate significantly between the three tests. Average of these results was used to 
compare the key tensile properties such as proof strength, tensile strength and ductility 
(elongation to failure). Tensile flow curves at strain rate of 10-4 s-1 for die-cast magnesium 
alloys used in this research are shown in Figure 3.14. Consistent with literature [9], alloys 
with higher strength have lower elongation to failure. However, it is interesting to see that the 
improvement in strength after T5-ageing in AE44 is not accompanied by a loss in elongation 
in failure. Proof strength was determined by taking both the 0.2% and 0.5% offsets for each 
stress-strain curve. Necking was not observed in these alloys and tensile strength is also the 
stress at fracture. The key tensile properties are tabulated in Table 3.5.  
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Figure 3.14: Room-temperature monotonic tensile curves of die-cast magnesium alloys 
AM40, AM60, AZ91, AE44 and T5-aged AE44 at strain rate, ε̇ of 10-4 s-1.  
 
Table 3.5: Room-temperature tensile properties of die-cast magnesium alloys at strain rate, ε̇ 
of 10-4 s-1. 
Alloy 
0.2% Proof 
Strength (MPa) 
0.5% Proof 
Strength (MPa) 
Tensile Strength 
(MPa) 
Elongation to 
Failure (%) 
AM40 110±1.0 128±0.3 290±2.5 19.6±0.6 
AM60 126±1.0 147±0.3 302±2.0 15.1±0.3 
AZ91 155±0.5 181±0.5 262±9.5 5.90±0.6 
AE44 135±0.5 157±1.5 283±8.5 13.0±1.7 
T5-aged AE44 168±2.5 191±1.3 308±8.5 13.0±2.2 
 
3.4.2 Cyclic Tension Loading-Unloading Testing 
 
Cyclic tension loading-unloading test was carried out at similar strain-rate range of 10-
6-10-1 s-1 at room temperature. Cycling does not affect the overall plastic behaviour in 
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comparison with the monotonic tensile curve as shown in Figure 3.15 for AM60 at strain rate 
10-3 s-1. Monotonic curves are similar to the cyclic stress-strain curves with the absence of 
hysteresis loops. All cyclic tension loading-unloading tests were strain-controlled, unloading 
at predetermined strains (i.e. every 0.2% strain increment) to zero stress. Alloys in this 
research were cyclic tested to 3% strain, except AZ91; AZ91 was tested until failure since it 
requires a higher strain to see the saturation of anelastic strain. This type of loading-
unloading testing was done using the triangle profiler available on Bluehill testing software. 
Each test was repeated three times. The three types of strains: plastic (εp), anelastic (εae), and 
elastic strain (εe) indicated in Figure 3.15 were determined and compared between alloys. The 
effect of strain rate on anelastic strain was also studied.  
 
 
Figure 3.15: A comparison of monotonic and cyclic tensile curves of AM60 at strain rate 10-3 
s-1. 
 
3.5 Summary 
 
This chapter explains some of the procedural techniques involved in the surface 
preparation of magnesium alloys for optical and electron microscopy. Special focus is placed 
on specific techniques for EBSD specimen preparation. The topic of specimen preparation for 
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microscopy is typically not discussed in detail due to its trivial nature and the presence of 
already well-established techniques. However, preparation of magnesium alloys for EBSD 
requires additional efforts due to their soft and highly reactive nature. The specimen 
preparation techniques developed in this chapter were applied extensively in the subsequent 
chapters involving the microscopy analysis of magnesium alloys. The intention of this 
chapter is to provide a reference for future work on similar alloys, since magnesium is one of 
the most difficult materials to achieve a satisfactory quality of specimen preparation.  
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Anelasticity1. Introduction
Tensile testing is one of the most commonly used methods to assess
material properties. The key tensile properties include: yield strength
(YS) or proof stress (PS), elastic modulus, tensile strength and elongationn).to failure. The tensile strength and elongation to failure can be readily de-
termined. Yield strength is used formaterialswith clear yielding phenom-
ena such as plain carbon steel. For austenitic steels and non-ferrous
metals, such as aluminium and magnesium, there is no sharply deﬁned
yielding of the material, and hence, proof stress is used as a substitute
for yield stress [1]. Studies of high-pressure die-cast magnesium alloys
have shown that non-uniform yielding is even more pronounced due to
the bimodal grain microstructure [2], where yielding develops ﬁrst in
403H.Q. Ang et al. / Materials and Design 112 (2016) 402–409the softer core [3] consisting of predominantly large externally solidiﬁed
grains (ESG)while the outer layer of the casting, which consists ofmostly
ﬁneα-magnesium grains [4], remains elastic (it should be noted, howev-
er, that die casting technology is continually improving and these varia-
tions are arguably less signiﬁcant in modern machines).
Proof stress is determined by the stress corresponding to the inter-
section of the stress-strain curve and a line parallel to the linear elastic
part of the curve offset by a deﬁnite amount of permanent plastic strain
[5]; the permanent strain allowed is an arbitrary choice, ranging from
0.1% for ferrous to 0.5% for some non-ferrous materials [6,7]. For conve-
nience, a permanent plastic strain of 0.2% has been adopted for most
metallicmaterials. The permanent plastic strain can only be determined
fromamonotonic stress-strain curve if thenon-permanent strain can be
determined and subtracted. With linear elastic strain this is straightfor-
ward, but with non-linear reversible strain (anelastic strain), it is only
possible if this anelastic behaviour is fully characterised.
The anelasticity ofmagnesiumalloysmanifests itself in a variety of dif-
ferent ways. Under cyclic stress, anelastic behaviour takes the form of a
stress-strain hysteresis loop, as identiﬁed in magnesium and magne-
sium-zinc alloys [8], AZ91 (Mg-9Al-0.6Zn) [9], AM60 (Mg-6Al-0.3Mn)
and AE44 (Mg-4Al-4RE-rare earth) [10]. The monotonic stress-strain
curve ofmagnesiumhas a very small linear elastic portion, making elastic
modulus determination difﬁcult [11]. The nominal elastic modulus (E)
value for magnesium and its alloys is commonly taken as 45 GPa through
ultrasonicmethods [12], although this value has been shown to varywith
solute content, volume fraction of precipitates and porosity [13]. The de-
viation from elastic behaviour occurs at stresses as low as 20 MPa, due
to the activation of basal slip (microyielding) [14]. The variable apparent
modulus leads immediately to ambiguities in proof stress determination.
Scientiﬁc exchange rests on agreed standards for the measurement
of properties. In the case of tensile testing standards (for example
ASTM E8M-09 [15] and ISO 6892-1 [16]), four methods are presented
for proof stress determination applicable to magnesium as shown in
Fig. 1. Detailed descriptions of Methods 1 & 2 can be found in ASTM
E8M-09 [15] while Methods 3 & 4 are in ISO 6892-1 [16].Fig. 1. Proof stress measurement methods: (a) Method 1, (b) Method 2 as speciﬁed in AInconsistencies between andwithin thesemethods frustrate attempts
to compare alloy properties. AE44, AM60 and AZ91 are commercially
available magnesium die-casting alloys for automotive applications, and
therefore, they are the focus of this study. In this paper, these alloys are
tested according to tensile testing standards and themagnitudes of incon-
sistencies are determined. More practical proof stress determination
methods for magnesium die-casting alloys are discussed.
2. Materials and experimental details
2.1. Materials
Magnesium alloys AE44, AM60 and AZ91, and aluminiumalloy A380
were high-pressure die-cast (HPDC) in a 250 ton cold chamber ma-
chine. More details about the casting parameters can be found else-
where [17]. The chemical compositions in wt.% of the three
magnesium alloys were analysed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) by Spectrometer Services Pty
Ltd. and are listed in Table 1. The study was carried out using cast-to-
size cylindrical cross section, dog-bone shaped tensile specimens of
gauge diameter 5.6 mm and uniform length of 36 mm.
2.2. Mechanical testing
Both monotonic (Methods 1 and 2) and cyclic tension loading-
unloading tests (Methods 3 and 4) were performed on an Instron
5569 Universal Testing Machine (UTS) with a 50 kN load cell at room
temperature using a crosshead speed of 5 mm/min. Two to three
repeats were performed per alloy composition and test condition.
For Method 3, the loading-unloading tests were strain-controlled,
unloading at predetermined strains to zero stress. For Method 4,
the loading-unloading tests were stress-controlled, unloading at
predetermined stress to 10% of the stress obtained. A 25 mm gauge
length extensometer was attached to the specimen and digital out-
put ﬁles of the ﬂow curves were converted to stress-strain curves.STM E8M-09 [15] and (c) Method 3 and (d) Method 4 as stated in ISO 6892-1 [16].
Table 1
Chemical compositions (wt.%) determined by ICP-AES for the studied die-castmagnesium
alloys.
Alloy Al RE (Ce + La) Zn Mn Mg
AE44 3.97 3.76 b0.01 0.18 Bal.
AM60 6.26 b0.01 0.1 0.29 Bal.
AZ91 8.88 b0.01 0.74 0.19 Bal.
Fig. 3. Tensile curves of die-cast AE44, AM60, AZ91 and A380 showing respectively proof
stress values measured by Method 2.
404 H.Q. Ang et al. / Materials and Design 112 (2016) 402–4093. Results
3.1. Proof stress measurement: Method 1
The engineering stress-strain curves of AE44, AM60, AZ91 and A380
are shown in Fig. 2a. It is seen that the linear elastic behaviour of the
three magnesium alloys applies only at low stress levels (b40 MPa),
where the elasticmodulus ofmagnesiumalloys, E=45GPa [12] ismea-
sured. The aluminium alloy A380, on the other hand, has a more clearly
deﬁned linear elastic region (up to N100MPa) where the elastic modu-
lus value of E= 70 GPa can be easily measured.
The relatively small linear elastic region of magnesium alloys makes
elastic modulus determination difﬁcult; elastic modulus decreases with
increasing stress levels used for modulus determination. As shown in
Fig. 2b, the elastic modulus is 45 GPa when it is estimated from the
low stress region at 20 MPa; the elastic modulus decreases to 38 GPa
when it is estimated from higher stress region at 60 MPa for AE44. Off-
setting a lower elastic modulus to 0.2% permanent plastic strain would
tilt the offset line forward, leading to higher measured proof stress
value (as illustrated in Fig. 2b).
The proof stress values, measured by Method 1 through offsetting a
constant elastic modulus of 45 GPa to 0.2% strain are 123 ± 5.5 MPa,
117 ± 3.7 MPa and 154 ± 6.0 MPa, respectively for cast AE44, AM60
and AZ91, whereas the proof stress value for A380 is 185 ± 0.7 MPa
through offsetting an elastic modulus of 70 GPa.3.2. Proof stress measurement: Method 2
Since the linear elastic region of the stress-strain curve in magne-
sium is not clearly deﬁned, Method 2, extension-under-load (EUL),
can be employed. According to the ASTM standard [15], for materials
with low yield strengths of b550 MPa, an appropriate value of total ex-
tension is 0.005 mm/mm or 0.5% of the gauge length. The proof stress
values obtained from Method 2 are 127 ± 2.8 MPa, 122 ± 2.4 MPa,
and 148 ± 4.6 MPa respectively, for cast AE44, AM60 and AZ91 and
187 ± 1.4 MPa for A380 as shown in Fig. 3.Fig. 2. Proof stress values measurement by Method 1 for die-cast AE44, AM60 and AZ91 alloys
aluminium alloy A380 is also shown for comparison. It is to be noted that the proof stres
increasing stress from N40 MPa to ~60 MPa, shown for AE44 in (b).3.3. Proof stress measurement: Method 3
Based on Method 3, a line should be drawn across hysteresis loop
unloaded to 0.2% permanent plastic strain. The point at which this line
intersects the curve gives the 0.2% proof stress. However, it is often dif-
ﬁcult to pre-determine the applied strain and stress that would unload
to 0.2% plastic strain due to the uneven hysteresis loops. Hence, each
test was unloaded and reloaded six times as indicated by the hysteresis
loops formed as shown in Fig. 4 for AE44. Similar hysteresis loops were
observed for AM60 and AZ91. A series of secant elastic moduli, Esec, in-
dicated by dashed line, are also deﬁned in Fig. 4.
Here, the hysteresis loops still did not unload to 0.2% plastic strain
after several loading-unloading cycles. Hence, 0.2% proof stress is mea-
sured by a Esec (as indicated by dotted line in Fig. 4), interpolated from
elastic moduli drawn across hysteresis loops unloading to plastic strains
before and after 0.2%. The average interpolated Esec at 0.2% strain in
Method 3 for AE44, AM60 and AZ91 are 23.9 ± 0.4 GPa, 24.3 ±
0.7 GPa and 26.9 ± 0.6 GPa respectively. The proof stress values mea-
sured by Method 3 are summarized in Table 2.
The cyclic stress-strain curve of A380 is also shown in Fig. 5 for com-
parison. It is worth noting that the loops are small and the elastic mod-
ulus remains unchanged (E = 70 GPa) with increasing strain. The
measured anelastic strains (deﬁned by loop width) are close to zero.
The proof stress of A380 measured by Method 3 is 187 ± 0.7 MPa,
which is similar to the proof stress values measured by Methods 1
(185 MPa) and 2 (187 MPa).
Generally, Esec decreases with increasing permanent plastic strain
when the hysteresis loops become larger until a point where the
loops are fully developed. At this point, there will be little change, indicated as 0.2% PS in (a) with E= 45 GPa determined at low stresses (b40 MPa)·The
s measured by Method 1 varies with E, which decreases from 45 GPa to 38 GPa with
Fig. 4. Cyclic stress-strain curve of AE44 showing proof stress measured by Method 3, by
employing a secant elastic modulus, Esec of 23.5 GPa.
Fig. 5. Cyclic stress-strain curve of A380 showing proof stress measurement byMethod 3.
405H.Q. Ang et al. / Materials and Design 112 (2016) 402–409in Esec. This is similar for all the magnesium alloys tested (Fig. 6a).
Published work from Mann et al. [8] and Cáceres et al. [9] have
been reanalysed and included for comparison. The two HPDC AZ91
2 mm-thick and 6 mm-thick alloys by Cáceres et al. [9] appear to
have a higher Esec than the HPDC alloys in this study at 0.2% perma-
nent plastic strain, an indication of smaller hysteresis loops. Stronger
materials, i.e. HPDC and aged sand cast, also show a smaller decrease
in Esec compared with the lower strength sand cast alloys.
Fig. 6b shows the anelastic strain as a function of permanent plastic
strain. It is clear that the anelastic strain is approximately 0.25% at 0.2%
permanent plastic strain for all the alloys tested in this study. The two
HPDC AZ91 2 mm-thick and 6 mm-thick alloys by Cáceres et al. [9]
have a slightly lower anelastic strain (0.2%) than the HPDC alloys tested
in this study at 0.2% plastic strain. It is also interesting to note that most
sand cast samples, which have larger grain sizes, show lower anelastic
strain (0.1–0.15%) at 0.2% plastic strain. Overall, pure magnesium metal
shows higher anelastic strain than the alloys for given casting conditions.3.4. Proof stress measurement: Method 4
Based on Method 4, the stress is reduced to about 10% of the
unloading stress when the presumed proof stress is reached to obtain
an alternative elastic modulus, Ealt, for proof stress determination. But,
it is impossible to pre-identify when the proof stress is exceeded unless
loading-unloading tests are conducted in advance. Here, based on previ-
ously conducted monotonic tests (tensile curves shown in Fig. 2a),
AE44, AM60 and AZ91 were unloaded at 123 MPa, 117 MPa and
154MPa respectively (average proof stress values obtained fromMeth-
od 1). A380 has constant Esec with increasing strain, and therefore was
not subjected to this test. The cyclic stress-strain curve for AE44 and
Ealt following Method 4 are shown in Fig. 7. According to Method 4,
Ealt must be tangential to the stress-strain curve and the point where
this line crosses the abscissa is taken as the corrected origin. Hence, in
this case, Ealt is offset from negative strain rather than at the origin
(Fig. 7). The average Ealt used in Method 4 for AE44, AM60 and AZ91
are 33.3 ± 0.9, 32.1 ± 1.4, and 33.2 ± 1.1 GPa respectively.
One conundrum of Method 4 is to determine where to unload.
Unloading at different stress levels yields different alternative elasticTable 2
Proof stress values measured by Methods 1–4 and the 0.5% offset method.
Alloy Proof stress (MPa)
Method 1 Method 2 Method 3 Method 4 0.5% offset method
AE44 123 ± 5.5 127 ± 2.8 155 ± 0.7 148 ± 1.4 155 ± 1.7
AM60 117 ± 3.7 122 ± 2.4 143 ± 0.5 136 ± 1.0 142 ± 2.1
AZ91 154 ± 6.0 148 ± 4.6 185 ± 2.8 175 ± 0.7 181 ± 4.2
A380 185 ± 0.7 187 ± 1.4 187 ± 0.7 – –moduli, resulting in a variation in proof stress values as illustrated in
Fig. 8, ranging from 148 to 158 MPa.
4. Discussion
4.1. Applicability of the current standardized methods to die-cast magne-
sium alloys
The proof stress of magnesium alloys reported in literature [18–29]
is often deﬁned by Method 1 (0.2% offset) due to its simplicity as com-
pared to Methods 3 and 4. Method 2 is often used to determine the ac-
ceptance or rejection ofmaterials whose stress-strain characteristics are
well-known from previous tests [30], and hence, is less commonly used
in published work. To investigate the inconsistencies in these standard-
ized methods, Figs. 2a and 3 (monotonic stress-strain curves) are over-
laid onto Figs. 4 and 7 (cyclic stress-strain curves for Methods 3 and 4
respectively) as shown in Fig. 9 for cast AE44, AM60 and AZ91. The fol-
lowing comments can be made from the comparison of the standard-
ized methods:
(a) The proof stress values measured by Methods 1 and 2 do not
leave a 0.2% permanent plastic strain in die-cast magnesium alloys, in
fact it is b0.1% plastic strain upon the removal of anelastic deformation,
εae. Hence, Methods 1 and 2 signiﬁcantly underestimate the 0.2% proof
stress of magnesium alloys.Fig. 6. (a) Secant elastic modulus, Esec (GPa) and (b) anelastic strain (%) as a function of
tensile permanent plastic strain (%). Data taken from published work by Mann et al. [8]
and Cáceres et al. [9] are included for comparison. For experimental details, refer to
original papers.
Fig. 7. Proof stress measurement by Method 4 for AE44 where the alternative elastic
modulus, Ealt is 33.3 GPa.
406 H.Q. Ang et al. / Materials and Design 112 (2016) 402–409(b) Method 3 more accurately measures the proof stress of magne-
sium alloys, but it is almost impossible to pre-determine the stress or
strain amplitudes that impart 0.2% permanent plastic deformation
upon unloading. Hence, repeated loading-unloading tests have to be
conducted, and this becomes time consuming and impractical.
(c)Method 4 itself is inconsistent in that the proof stress value is de-
pendent upon the unloading stress level.
4.2. Appropriate offset strain for magnesium alloys
Methods 1–4 provide different proof stress values for the samemag-
nesium alloy tested. Clearly, proof stress measurement methods speci-
ﬁed in ASTM and ISO standard analysis procedures need to be re-
evaluated for magnesium and its alloys due to the existence of anelastic
strain and for simplicity. Since the monotonic curves are similar to the
cyclic stress-strain curves with the absence of hysteresis loops (Fig. 9),
for die-cast AE44, AM60 and AZ91, it was found that the 0.2% proof
stress values determined by Method 3 could be measured directly
from monotonic stress-strain curves with an appropriate offset strain
value. This would save considerable amount of time and effort without
performing cyclic loading-unloading tests. An appropriate offset strain
value should always consider the anelasticity at 0.2% permanent plastic
strain.
It is shown in Fig. 10 that the appropriate offset strain formagnesium
alloys to achieve a 0.2% permanent strain proof stress can range from
0.3–0.5% depending on the alloy and casting conditions. The HPDC al-
loys in this study requires a higher offset strain of 0.45% as compared
to the HPDC alloys used by Cáceres et al. [9]. This could also be due to
grain size effect as those HPDC alloys may have had a greater fraction
of large presolidiﬁed grains formed in the shot sleeve.Fig. 8. Inconsistency within Method 4 providing different alternative elastic moduli, Ealt,
leading to a variation in proof stress values.Similarly, sand cast samples, with larger grain sizes, show a lower
offset strain (≈0.3%) compared to HPDC samples. A small grain size
has been reported to result in a greater number of ﬁne {1012} twins
which are less stable and more prone to revert upon unloading, magni-
fying the anelastic strain [8,9]. In extension, as anelastic strain increases,
so does the offset strain at a given permanent plastic strain.
It is also interesting to note that magnesium-zinc alloys appear to
have a lower anelastic strain than pure magnesium for a given casting
condition, i.e. the anelastic effect decreases with increasing Zn content
(Fig. 6b). This is because the presence of solute (i.e. Zn [8]) is able to en-
hance the dislocation activity in the prismatic slip system, and hence,
twinning becomes progressively less necessary in magnesium alloys
[31]. Since anelasticity is known to be caused by the reversible move-
ment of twin boundaries, it is reasonable to believe that decreasing
twinning reduces the anelastic strain, and therefore, a slightly lower off-
set strain is required for the magnesium alloys than pure magnesium.
The three die-cast magnesium alloys AE44, AM60 and AZ91 tested in
this study also have different Al concentrations, but Al solute appears
to have little effect on the anelastic strain compared to Zn. This can be
understood by noting that Zn develops short range order [32] while Al
forms random solid solutions [33]. Twinning in magnesium is shufﬂing
dominated [34], and therefore, it should be more sensitive to the pres-
ence of order [35] than existence of a random solid solution. It is
worth noting that themicrostructure of AE44 consists of Al-RE interme-
tallic phases (i.e. Al11RE3 and Al2RE [36]), while that of AM60 and AZ91
consist of Mg17Al12 phase [37]. The difference in intermetallic phases do
not seem to affect the anelastic behaviour of the investigated alloys in
the present study. These factors are subject to ongoing investigation.
It should also be pointed out that Fig. 10 is only applicable for tensile
testing. Depending on the manufacturing process, some magnesium al-
loys are known to have a larger anelastic strain in compression than ten-
sion [8] due to an increased activity of {1012} twinning [38], and hence,
a larger offset strain might be required fo r compression testing under
such condition. However, HPDC samples commonly have isotropic ma-
terial behaviour [39], therefore, the increase in offset strain should be
negligible for HPDC magnesium alloys.
As for twinning-free aluminium alloy A380, due to its negligible an-
elastic effect, the 0.2% offset strain is able to achieve a 0.2% permanent
strain for proof stress measurement.4.3. Effects of higher offset strain on measurement consistency
The purpose of yield or proof stress is to indicate the stress, above
which signiﬁcant plastic deformation occurs. Fig. 11 shows an example
of a stress-strain curve (in this case AM60) with 0.2 and 0.5% offset
strains marked. From the inset in Fig. 11, point A (0.5% offset) gives a
more diagnostic property value than point B (0.2% offset). The 0.2% off-
set value lies on the steep part of the curvewell before signiﬁcant plastic
deformation has occurred and is of no special signiﬁcance.
In Section 3.1, it was noted that differences in the stress level chosen
for modulus determination could shift the apparent modulus from
45 GPa to 38 GPa. Fig. 11 illustrates that the effect of modulus determi-
nation errors is much greater in the 0.2% offset proof stress compared to
0.5% offset proof stress. In the former case the result shifts by 8 MPa
while in the later the shift is only 2 MPa. Section 3.1 also illustrated
that sample to sample variations at 0.2% offset were also higher, being
almost an order of magnitude higher than for aluminium.
The proof stress values measured by the 0.5% offset method for die-
cast AE44, AM60 and AZ91 in this study are summarized in Table 2. Re-
gardless of testing methods, AZ91 consistently has the highest proof
stress as compared to AE44 and AM60. AZ91 is well-known to be a
stronger but less ductile alloy due to the presence of high volume frac-
tion of coarse and brittle β-Mg17Al12 phase in the microstructure [40].
It is evident that the values measured by 0.5% offset method correlate
well with those measured by Method 3, and they are far larger than
Fig. 9. An overview of monotonic and cyclic stress-strain curves of die-cast (a) AE44, (b) AM60 and (c) AZ91 where the total strain (εt) can be separated into plastic strain (εp), anelastic
strain (εae) and elastic strain (εe). Proof stress values measured by Methods 1–4 are also shown.
407H.Q. Ang et al. / Materials and Design 112 (2016) 402–409the proof stress values from the 0.2% offset rule (Method 1). Room tem-
perature tensile stress-strain data of high-pressure die-cast magnesium
and aluminium alloys from independent studies in the literature have
been reanalysed to compare the proof stress obtained by the 0.2% and
0.5% offsets (Table 3). For exact chemical compositions, refer to original
studies. By using a higher offset strain, the proof stress of both magne-
sium and aluminium alloys can increase by up to 20%. Overall, the
higher offset method provides a smaller range of proof stress values,
and hence, a more consistent measure for magnesium alloys.
However, caution should be taken when considering use of the 0.5%
offset method for die-cast magnesium alloys as it has also been shown
in Fig. 6 that the anelastic strain is sensitive to factors such as grainFig. 10. Permanent plastic strain as a function of offset strain (plastic strain + anelastic
strain) for die-cast magnesium alloys. Sand cast magnesium alloys taken from the
literature [8,9] are included for comparison.size and solute. It should be noted that some of the sand cast magne-
sium alloys have a lower anelastic strain, and the higher offset strain
of 0.5% might overestimate the proof stress.5. Conclusions
The applicability of the standardized ISO and ASTM proof
stress determination methods to magnesium die-casting alloysFig. 11. Stress-strain curve of AM60 showing a comparison of 0.2% and 0.5% offsets and the
inﬂuence of errors in modulus determination.
Table 3
Comparison of proof stress obtained by 0.2% and 0.5% offsets for HPDCmagnesium and al-
uminium alloys reported in literature.
Alloy Proof stress (MPa) Ref.
0.2% offset 0.5% offset
Mg alloys
AM40 108a–120 127a–133 [41]
Mg-4Al-1La 110a–133 129a–138
Mg-4Al-2La 113a–140 137a–148
Mg-4Al-4La 128a–155 152a–162
Mg-4Al-6La 171 178
Mg-4Al-3La 123 148 [42]
Mg-4Al-1Ce 129a–146 151a–152 [43]
Mg-4Al-2Ce 148 153
Mg-4Al-4Ce 157 162
Mg-4Al-6Ce 161 168
Mg-4Al-4(Ce/La) 132a–160 161a–170 [44]
AE44 (RE = Ce-rich mischmetal) 127a–140 149a–154a [45]
AM30 116 123 [46]
AM60 125–127a 144–148a [47]
AZ91D 150–154a 179a–185 [48]
AEX422 204 210 [49]
AE42 122 145 [50]
AJ62 126 142
AS31 127 145
AXJ530 188 205
AM-HP2+ 175 173
MRI 153A 164 179
MRI 153M 162 174
MRI 230D 179 188
Mg-3.44La 135 172 [51]
Mg-2.87Ce 135 153
Mg-3.53Nd 129 135
Mg-0.47Nd 85 100
Mg-0.51La 80 98
Mg-0.53Ce 80 96
Al alloys
A380 185 223 This work
A383 150–165 – [52,53]
A357 143–150 – [54]
AlMg5.5Si2Mn 183 – [53]
a Unpublished data.
408 H.Q. Ang et al. / Materials and Design 112 (2016) 402–409has been investigated. The following conclusions are drawn from
this study:
(1) Standardized proof stress determination methods provide in-
consistent 0.2% permanent strain proof stress, with a variation of
N20%, due largely to the inherent anelastic behaviour of magnesium
alloys.
(2) These methods either signiﬁcantly underestimate the proof
stress of magnesium alloys or they are too complex to be considered
for routine application.
(3) A conversion chart has been constructed to provide amore accu-
rate determination of 0.2% permanent plastic strainwith an appropriate
offset strain for a range of magnesium alloys. The appropriate offset
strain is shown to vary from 0.3–0.45% depending on the casting
conditions.
(4) Amore pragmatic approach of using a higher offset strain and its
effects are discussed. The high offset strain provides a smaller range of
proof stress values as compared to the 0.2% offset strain, and hence, a
more consistent measure.Acknowledgements
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A B S T R A C T
The strain-rate eﬀect in die-cast magnesium-aluminium based alloys under quasi-static strain rates ranging from
10−6 to 10−1 s−1 was investigated. The strain-rate sensitivity was shown to decrease with increasing aluminium
solute level in the matrix. Microstructural examination by electron backscattered diﬀraction (EBSD) revealed
that deformation twinning is more active in the alloys with lower strain-rate sensitivity. It is suggested that the
decrease in strain-rate sensitivity with increasing aluminium solute level is likely due to dynamic strain ageing
from the interaction between aluminium solute and dislocations. The correlation between strain-rate sensitivity
and ductility in AE44 is brieﬂy discussed.
1. Introduction
Magnesium (Mg) tends to show pronounced strain-rate sensitivity in
mechanical testing due to the hexagonal close packed crystal structure
[1]. Strain-rate sensitivity has been observed to be high in pure Mg [2]
and strain-rate sensitivity decreases with increasing aluminium (Al)
content in high-pressure die-cast Mg-Al based alloys [2,3]. The high
strain-rate sensitivity in high-pressure die-cast Mg alloys with lower Al
content led to an increase in work hardening rate and tensile to yield
ratio at higher strain rates, with a corresponding increase in energy
absorption at higher strain rates [3]. Stanford et al. [4] showed that the
strain-rate sensitivity of an extruded Mg-1Al alloy is 30% lower than
that of pure Mg at 10−4–10−1 s−1. The alloy was solution treated
indicating that strain rate eﬀect is also independent of processing
conditions.
In contrast, Aune et al. [5] studied the behaviour of die-cast AM50
(Mg-5Al-0.3Mn, wt%), AM60 (Mg-6Al-0.3Mn) and AZ91 (Mg-9Al-1Zn)
alloys at 15–130 s−1, but did not observe a signiﬁcant variation in
strain-rate sensitivity between the alloys despite a diﬀerence in Al
content. This could be due to three factors. Firstly, they only investi-
gated alloys with Al contents greater than 5 wt% when the strain-rate
sensitivity is relatively low. Secondly, their investigated strain rate
range may be too small to see the eﬀect of strain rate. Thirdly, the strain
rates also fall in between quasi-static (typically< 100 s−1) and dy-
namic (≥ 103 s−1) domains. The latter two factors might be more
plausible since Weiler and Wood [6] also reported no strain rate eﬀect
for sand-cast AE44 (Mg-4Al-4RE) in similar strain rate range
(100–300 s−1). Research in this strain rate range, 100-102 s−1, is
uncommon due to experimental challenges.
At dynamic strain rates (≥ 103 s−1), strain-rate sensitivity has been
observed to increase with strain rate in mould cast Mg-9RE-4Zn [7],
extruded Mg–8Li–1Al–1Ce [8] and die-cast Mg-Al alloys [9,10]. At
quasi-static strain rates (< 100 s−1), published results on the inﬂuence
of strain rate on strain-rate sensitivity are ambiguous. A greater strain-
rate sensitivity was revealed at strain rates below 10−4 s−1 and
10−5 s−1 for AZ31 (Mg-3Al-1Zn) [11] and pure Mg [12], respectively.
Similarly, strain-rate sensitivity increased from 0.008 to 0.06 with
decreasing strain rate from 10−3 s−1 to 10−9 s−1 for AZ31 [13].
However, this contrasts with the observations by Carlson [14] and Gu
et al. [15], who showed no change in strain-rate sensitivity for die-cast
AM60 at strain rates between 100 s−1 and 10−2 s−1, respectively. Song
et al. [16] tested three die-cast Mg alloys AM20 (Mg-2Al-0.3Mn), AM50
and AM60 in compression and observed little change in strain-rate
sensitivity between 10−3 and 100 s−1.
It is clear that the published research is not completely regarding
the eﬀect of Al content on strain-rate sensitivity of Mg-Al based alloys
and how the strain-rate sensitivity changes with respect to strain rates,
especially at quasi-static strain rates (< 100 s−1). The aim of this work
is to measure the strain-rate sensitivity of various die-cast alloys and
discern the governing mechanism behind the eﬀect. For this purpose,
the tensile behaviour of commercial die-cast Mg alloys with various Al
contents, i.e. AM40, AM60, AZ91 and AE44 were investigated over a
wide strain rate range 10−6–10−1 s−1. AM40 and AM60 are most
commonly used in applications where energy absorption is required
while AZ91 is widely used for some structural components of auto-
mobiles, aircraft, and computers, because of its good combination of
http://dx.doi.org/10.1016/j.msea.2017.05.093
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mechanical properties and die-castability. AE44 was originally devel-
oped as a creep resistant alloy, but it has good combination of strength
and ductility, especially after ageing [17], this makes it attractive for
structural applications [18].
2. Materials and experimental methods
Commercial high-pressure die-cast AM40, AM60, AZ91 and AE44
alloys were used in this study. Details of the casting procedure can be
found elsewhere [19]. Some AE44 specimens were given an ageing
treatment at 200 °C for 32 h (T5), which produced signiﬁcant age
hardening as a result of precipitation of nanoscale Al-Mn particles [17].
The chemical compositions in wt% of these alloys analysed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
are listed in Table 1.
Dog-bone-shaped cylindrical samples, 100 mm long with a 36 mm
parallel section in the gauge length and a diameter of 5.6 mm, were
used in this study. Tensile tests were performed on an Instron 5569
Universal Testing Machine at room temperature using a constant rate of
crosshead displacement with nominal strain rates in the range
10−6–10−1 s−1. Each test was repeated three times.
Electron-backscattered diﬀraction (EBSD) data was collected in a
FEI Nova NanoSEM at 20 kV using a 0.5-μm step size before and after
tensile testing. Each sample was scanned three times, covering well
over 500 grains. HKL Channel 5 Tango subroutine was used to quantify
the area fraction of twinning. Five twinning systems were identiﬁed
based on the misorientation angle/axis between twinned region and
matrix. They are {1012} twins (i.e. 86°< 1210>), {1011} twins (i.e.
56°< 12 10>), {1013} twins (i.e. 64°< 1210>), {1013}-{1012} twins
(i.e. 22°< 1210>) and {1011}-{1012} twins (i.e. 38°< 1210>)
[20–22]. The Al solute concentration across grains was measured by
energy dispersive X-ray (EDX) spectroscopy. At each sample location, a
minimum of 150 points were taken in the α-Mg matrix with a spacing of
0.1 µm between each point using EDX line analysis. Three locations
were analysed for each sample. The surfaces of all samples for EBSD and
EDX analyses were prepared using standard mechanical polishing
procedures and were ﬁnished by 0.06 µm OP-S. The fracture surfaces
were also investigated by a scanning electron microscopy (SEM) using
secondary electron imaging.
3. Results
3.1. Tensile properties
Fig. 1 shows tensile ﬂow curves at various strain rates, ε̇ ranging
from 10−6 to 10−1, for the as-cast AM40, AM60, AZ91 and AE44,
together with the T5-treated AE44. The ﬂow curves of AE44-T5 and as-
cast AE44 consistently shift higher with increasing strain rate, and a
substantial increase in the proof strength was observed. In contrast, the
shift in ﬂow curves of AM40 and AM60 is smaller but still visible, while
the changes in ﬂow curves of AZ91 are the barely observable.
The eﬀects of strain rate on strength and ductility are shown in
Fig. 2(a) and (b), respectively. In Fig. 2(a), 0.5% proof strength is used
because die-cast Mg alloys tend to show pronounced anelasticity and
the 0.5% oﬀset is a closer approximation to the 0.2% permanent plastic
strain [23]. The 0.5% proof strength shows a more visible increase with
strain rate for AE44 and AE44-T5 while the increase is moderate for
AM40, AM60 and AZ91. It is noted that tensile strength appears to be
Table 1
Chemical compositions (wt%) determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) for the studied die-cast Mg alloys.
Alloy Al Mn RE (Ce+La) Zn Mg
AM40 4.44 0.21 < 0.01 0.05 Bal.
AM60 6.26 0.29 < 0.01 0.1 Bal.
AZ91 8.88 0.19 < 0.01 0.74 Bal.
AE44 3.67 0.31 3.83 < 0.01 Bal.
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Fig. 1. True stress-strain curves of as-cast (a) AM40, (b) AM60, (c) AZ91, (d) AE44 and T5-aged (e) AE44 at diﬀerent nominal strain rates, ε̇.
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less sensitive to strain rate and remains almost constant across strain
rates for all alloys. This could be due to the fact that the present alloys
do not reach necking and the tensile strength is the stress at fracture.
Ductility appears to increase with decreasing strain rate in AE44, while
the correlation of ductility with strain rate is less visible in AE44-T5,
AM40 and AM60. Ductility appears to be independent of strain rate in
AZ91.
3.2. Strain rate sensitivity
The diﬀerences in the levels of ﬂow stress for diﬀerent strain rates
are indicative of strain-rate sensitivity, represented by m = δ
δ
ln(σ)
ln(ε)̇
[1,24,25]. Fig. 3(a) and (b) show variations of strain-rate sensitivity
with true strain and strain rate, respectively. Strain-rate sensitivity
increases with strain in both AE44 and AE44-T5, while strain-rate
sensitivity ﬁrst decreases, passes through a minimum then increases
again in AM40, AM60 and AZ91 alloys (Fig. 3(a)). In Fig. 3(b), strain-
rate sensitivity appears to increase with decreasing strain rate in AE44
and AE44-T5, which is consistent with the observations from studies of
pure Mg and other alloys [11–13]. There is no visible change in strain-
rate sensitivity observed in AM40 and AZ91. There is, however, no
consistent trend in AM60, where the strain-rate sensitivity exhibits a
slight decrease, followed by a slight increase with decreasing strain
rate. Since, the diﬀerence in strain-rate sensitivity is small, it could be
assumed that there is no change in strain-rate sensitivity. Overall,
AE44-T5 has the highest strain-rate sensitivity, followed by AE44, then
AM40, AM60 and AZ91.
3.3. Microstructural characterization
The deformation microstructure in tensile tested AE44, AM60, and
AZ91 specimens at diﬀerent strain rates was examined by EBSD (Fig. 4).
The type of twins identiﬁed and the fraction of twinned area deter-
mined for these alloys are summarized in Table 2. While the starting
microstructures (not shown) are twin-free, twins are formed after
tensile deformation and the fraction of twinned area shows an increase
with increasing strain rate, which is consistent with the previous studies
[8,26–28] on Mg alloys. Twinning is most active in AZ91, followed by
AM60, and is least active in AE44 for a given strain rate.
Fig. 5 shows the fracture surfaces of AM60, AZ91 and AE44 after
tensile testing at the highest and lowest strain rates. Overall, three types
of fracture surfaces were observed: quasi-cleavage fracture in all AM60
samples and AE44 deformed at 10−5–10−1 s−1, cleavage type of failure
in AZ91 samples, and highly-dimpled ductile fracture in AE44 at
10−6 s−1. Both AM40 and AE44-T5 (not shown) exhibit similar quasi-
cleavage fracture to the AM60 alloy, regardless of the applied strain
rates. Cleavage fracture indicates brittle failure, typically controlled by
the intermetallic phase [29] while highly-dimpled fracture surface
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indicates ductile fracture [30]. Quasi-cleavage fracture surface
(Fig. 5(a), (b), (f)) normally contains cleavage planes (P), small and
shallow dimples (S), along with some secondary cracks (C) on the
cleavage plane [31]. Cleavage fracture of AZ91 (Fig. 5(c) and (d)),
shows the presence of shrinkage pores (H) (circled) and some facets and
steps (F), correlating well with previous work [29]. The fracture surface
of AE44 at 10−6 s−1 (Fig. 5e) reveals signiﬁcant amounts of small and
large dimples (B), indicating ductile failure. In fact, AE44 at 10−6 s−1
shows the capability of accommodating large amounts of plastic strain,
with ductility reaching almost 30% strain (Fig. 1(d)).
To provide an indicative distribution of Al solute in the α-Mg grains,
line proﬁles for Al solute concentration in the α-Mg matrix were
obtained by EDX as shown in Fig. 6. The Al level at the centre and
near grain boundaries are given in Table 3, together with the data
predicted by Pandat® [32]. There is an increase in the concentration of
Al in the α-Mg towards the grain boundary as would be expected by
non-equilibrium solidiﬁcation with the grain boundary concentrations
measured from EDX being between the eutectic concentrations pre-
dicted by the Equilibrium and Scheil-Gulliver equation, calculated by
Pandat® [32], which is typically used for predicting solute and phase
distributions in cast materials. This may indicate some solid state
diﬀusion during the highly non-equilibrium conditions in high-pressure
die-casting.
4. Discussion
The strain-rate sensitivity of Mg-Al alloys has been reported to be
aﬀected by the alloying content of Al [3,16,33]. However, AM40 and
AE44 have similar Al content in composition, but the strain-rate
sensitivity of AE44 is signiﬁcantly higher than AM40. Present results
suggest that it is the Al solute level in the α-Mg matrix that inﬂuences
the strain-rate sensitivity rather than the overall Al content. Fig. 7(a)
shows the inverse strain-rate sensitivity as a function of Al solute level
in the Mg phase as measured by EDX. Although AE44 has similar
overall Al content as AM40, AE44 has signiﬁcantly lower Al solute in
the α-Mg matrix as most of the Al stays is in the form of Al-RE
intermetallics [34–36].
The reduced strain-rate sensitivity with increasing Al solute con-
centration is considered to be related to dynamic strain ageing from the
interaction of Al solute and dislocations. The dynamic strain ageing
eﬀect does not always manifest itself as serrations on stress-strain
curves as reported previously [37,38]. Diﬀusion of solute elements to
dislocations tend to impede their motion [33,37,39,40], leading to a
strengthening eﬀect. At higher strain rates the reduced time for
diﬀusion diminishes this strengthening eﬀect [41]. The solute eﬀects,
therefore, contribute a negative strain rate sensitivity component,
however, in the absence of solute, magnesium has a positive strain
Fig. 4. EBSD maps showing formation of diﬀerent types of twins in as-cast AE44, AM60, and AZ91 specimens after tensile testing at diﬀerent strain rates. The loading direction is
horizontal. Note that the highest strain rate tested for AZ91 is 10−2 s−1.
Table 2
The type of twins formed in the tensile tested specimens and the fraction of twinned area determined by EBSD mapping.
Alloy Strain rate (s−1) Twinned area fraction (%)± standard deviations Total twinned area fraction (%)
{10 12} {10 11} {10 13} {10 13}-{10 12} {10 11}-{10 12}
AE44 10−6 0.50± 0.19 0.19± 0.09 a 0.69± 0.24
10−3 1.61± 0.13 0.39± 0.01 0.24± 0.16 a 0.05±0.07 2.29± 0.23
10−1 2.65± 0.42 0.31± 0.02 0.26± 0.06 0.06± 0.10 0.10±0.08 3.38± 0.37
AM60 10−6 1.43± 0.17 0.20± 0.05 0.21± 0.05 0.14± 0.02 0.11±0.10 2.10± 0.34
10−3 3.68± 0.46 0.58± 0.02 0.27± 0.10 0.15± 0.02 0.15±0.06 4.84± 0.45
10−1 4.57± 0.50 0.47± 0.22 0.16± 0.05 0.21± 0.14 0.33±0.12 5.80± 0.56
AZ91 10−6 5.95± 0.32 0.44± 0.04 0.31± 0.08 0.02± 0.001 0.08±0.02 6.81± 0.19
10−2 6.40± 0.11 0.39± 0.03 0.16± 0.03 0.13± 0.12 0.21±0.05 7.31± 0.17
a Insigniﬁcant amount.
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rate sensitivity [1]. These two eﬀects are combined in alloys with
solute, to result in a lower overall strain rate sensitivity. Increasing Al
solute concentration further enhances the dynamic strain ageing eﬀect
and reduces the strain-rate sensitivity. Dynamic strain ageing has been
previously observed in cast AZ61 and AZ91 alloys due to interactions
between Al solute atoms and mobile dislocations by Tahreen et al. [33].
Both AE44 and AE44-T5 have very little Al solute in the α-Mg
matrix, and hence they are less likely to be aﬀected by dynamic strain
ageing, especially in the T5 condition where even more solute is
removed as a result of precipitation [17]. The net result is that the
intrinsic strain-rate sensitivity in Mg which is often attributed to the
hexagonal closed packed crystal structure [1] is manifested. This is
further substantiated by Fig. 3(a). This monotonic increase of strain-
rate sensitivity with strain in AE44 and AE44-T5 is the normal
behaviour associated with the absence of dynamic strain ageing while
the initial decrease of strain-rate sensitivity in AM40, AM60 and AZ91
is a characteristic of dynamic strain ageing [37]. Both AE44 and AE44-
T5 show higher strain-rate sensitivity at lower strain rates (Fig. 3(b)).
Fig. 5. Secondary electron images of fracture surfaces of (a, b) AM60, (c, d) AZ91 and (e, f) AE44 at diﬀerent strain rates, showing diﬀerent features of fracture, such as cleavage plane (P),
shrinkage pores (H), facets and steps (F), secondary cracks (C), large dimple (B) and small dimple (S).
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The diminished inﬂuence of dynamic strain ageing in AE44 causes the
strain-rate sensitivity behaviour to approach that of pure Mg [12].
When dynamic strain ageing takes eﬀect, dislocation movement is
restricted by solute and slip becomes more diﬃcult [42]. Consequently
other deformation modes such as twinning will be activated to
accommodate plastic deformation. The increased twinning activity in
the alloys with lower strain-rate sensitivity such as AZ91 is simply a
concomitant eﬀect of dynamic strain ageing due to the increased
diﬃculty in slip.
Chun and Davies [27] reported negative strain-rate sensitivity in
highly textured wrought AZ31 sheets and suggested that increasing
twinning activity would reduce strain-rate sensitivity. As the present
alloys have relatively low twinned area fraction and the permanent
deformation is more likely to be slip-dominated, the observed diﬀer-
ences in strain-rate sensitivity are not considered to be accounted for by
twining activity even though the EBSD results seem to be consistent
with the dependence of strain-rate sensitivity on twinning activity [27].
The dynamic strain ageing mechanism also provides an alternative
explanation for the reported inﬂuence of section thickness on strain-
rate sensitivity of die-cast AM60 by Gu et al. [15]. They attributed the
higher strain-rate sensitivity in the thinner specimen (1.3 mm-thick) to
the ﬁner grain size resulting from the faster cooling rate. It might be
true that decreasing grain size increases the strain-rate sensitivity, as
demonstrated by Figueiredo et al. [12] on pure Mg, however, faster
cooling rates also reduce the solute level due to reduced back diﬀusion
during solidiﬁcation [43]. This is because in non-equilibrium cooling,
the microstructure consists of proeutectic α, eutectic α (supersaturated
solid solution), and eutectic β. The higher the deviation from equili-
brium conditions, the higher the shift of the eﬀective (non-equilibrium)
solidus line from the theoretical line. Because of the fast cooling rate in
die-casting, the solidus line shifts considerably, leading to a higher
amount of eutectic β on the grain boundaries, and a lower amount of
aluminium in solid solution [44]. The lowered solute concentration
would reduce dynamic strain ageing, leading to higher strain-rate
sensitivity for the faster cooled section. Fig. 7(b) shows three similar
die-cast AM60 alloy specimens with a variation in strain-rate sensitiv-
ity. The increased strain-rate sensitivity in thinner AM60 specimens is
more likely due to a lower Al solute concentration. It should be pointed
out that present specimens are cylindrical with a 5.6 mm-diameter, and
might have a cooling rate in between the 1.3 mm and 6.5 mm-thick ﬂat
specimens.
Finally, it is worth brieﬂy discussing the eﬀect of strain-rate
sensitivity on tensile ductility (Fig. 2(b)). AE44 with the high strain-
rate sensitivity shows larger reduction in ductility and the fracture
mode changed from ductile fracture at 10−6 s−1 to quasi-cleavage
fracture at 10−1 s−1. Present results, and results from literature [3,16]
have shown that strain-rate sensitivity of die-cast Mg alloys is manifest
as an increase in work hardening rate. The higher work hardening rate
at 10−1 s−1 in AE44 suggests increasing diﬃculty for dislocations to
slip. This could be due to insuﬃcient time for cross-slip or climb of
dislocations, leading to more dislocation pile-ups at grain boundaries at
Fig. 6. Backscattered electron images and EDX line proﬁles of the α-Mg matrix in (a) AM40, (b) AM60, (c) AZ91, (d) AE44, and (e) AE44-T5. The Al concentration (wt%) across the
regions indicated in the SEM micrographs is shown in (f). There is an increase in the Al concentration from the centre of the dendrite cells towards the boundaries.
Table 3
Comparison of Al solute concentration (wt%) in the α-Mg matrix obtained by EDX and
Pandat®.
Alloy Al solute concentration (wt%) in α-Mg matrix
EDX Pandat® [32]
Centre Boundaries Initial
Concentration
Solidus
(Equilibrium)
Solidus
(Scheil)
AM40 2.7 4–5 1.3 3.9 12.5
AM60 3.4 8–10 1.8 5.8 12.5
AZ91 6.5 7–15 2.7 8.7 2.7
(46.5 wt%
Zn)
AE44 1.7 2–4 1.2 2.5 12.5
AE44-T5 1.3 2–3 1.2 2.5 12.5
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higher strain rates [39], in turn lowering the ductility. While there may
be a correlation between strain-rate sensitivity and ductility in AE44,
the more brittle fracture of AZ91 is mostly a consequence of the hard
and brittle percolating network of Mg17Al12 which is abundant and
continuous throughout the microstructure, and cracks could easily
propagate throughout the material, leading to early fracture [45].
Consequently, ductility is not dependant on strain rate in AZ91.
5. Conclusions
This study has investigated the strain-rate sensitivity in commercial
die-cast Mg alloys AM40, AM60, AZ91 and AE44 over a wide strain rate
range 10−6–10−1 s−1. It is shown that it is the Al solute level in the Mg
matrix, rather than the Al content in the alloys in general, that aﬀects
the strain-rate sensitivity. The decrease in strain-rate sensitivity with
increasing Al solute level is likely related to dynamic strain ageing from
the interaction of Al solute with dislocations. The deformation twinning
is more active in the alloys with lower strain-rate sensitivity as a result
of restricted slip from dynamic strain ageing. The high strain-rate
sensitivity in AE44, manifest as an increase in work hardening rate,
suggests diﬃculty in dislocation motion at higher strain rates, reducing
the ductility.
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A B S T R A C T
Cyclic tension loading-unloading tests were conducted over a wide quasi-static strain rate range
10−6−10−1 s−1 on a variety of die-cast Mg-Al based alloys, from which the deformation behaviour, especially
the anelasticity, has been systematically studied. At the early stages of deformation, prior to the onset of ex-
tensive prismatic slip, the anelastic strain is less dependent on strain rate but varies between the alloys. Upon the
activation of extensive prismatic slip, the anelastic strain starts to saturate at a maximum. The maximum in-
creases with increasing strain rate and varies between alloys. The strain-rate dependence of the maximum an-
elastic strain can be interpreted in terms of solid solution softening/hardening of slip planes and their inﬂuence
on twinning. Implications of the strain-rate dependence of anelasticity on proof stress measurement of Mg alloys
are also discussed.
1. Introduction
The deformation behaviour of magnesium (Mg) alloys is complex
due to limited dislocation slip systems [1], leading to diﬃculties in
measuring yield strength [2] and perceived limits to ductility. The
limited slip systems results in the activation of twinning to accom-
modate plastic deformation and the stress-strain curves can be divided
into several segments [3–5]. Initial deformation is elastic (stage I) fol-
lowed by a non-linear region (stage II) in which basal slip and twinning
are the dominant deformation mechanisms [6–10]. The twins formed in
this region are not stable [11] and can revert during unloading [12],
making a large part of stage II deformation reversible. At higher
stresses, deformation via prismatic slip takes place leading to extensive
plastic deformation (stage III) [3,13]. Eventually the onset of dynamic
recovery via the activation of pyramidal slip leads to the ﬁnal stage of
deformation before fracture (stage IV) [13–15].
The focus of this paper is on the reversible component of stage II
deformation. The terms anelastic and pseudo-elastic have been used in
the past to describe this component [16–20]. The study of anelasticity
in stage II is important as it inﬂuences several properties including yield
strength [2], fatigue strength [21], apparent stiﬀness [16,17] and sound
dampening [11]. The anelastic behaviour of Mg alloys, which manifests
as hysteresis loops in loading-unloading stress-strain curves, has been
observed in pure Mg and Mg-Zn alloys [17], Mg-Al alloys [22], AZ31
(Mg-3Al-1Zn) [9], AZ91 (Mg-9Al-0.6Zn) [16], AM60B (Mg-6Al-0.3Mn)
and AE44 (Mg-4Al-4RE) [21].
This study focuses on high-pressure die-cast alloys. Die-cast alloys
account for the large majority of Mg alloy usage and anelasticity con-
tributes signiﬁcantly to deformation due to the ﬁne grain size.
Experiments on pure Mg [23] and die-cast AZ91 [16] have shown that
the anelastic eﬀect is more signiﬁcant in ﬁne-grained alloys. The in-
crease in anelasticity in ﬁne-grained AZ91 was attributed to the for-
mation of ﬁne and unstable twins, which are more prone to revert upon
unloading [16]. Anelasticity is also inﬂuenced by solute content. The
largest anelastic eﬀect has been observed in pure Mg and decreased
with increasing Zn [17] and Gd [19] solute concentrations. It was
proposed that introduction of solute in solution can lower the critical
resolved shear stress (CRSS) for prismatic slip. Consequently, twinning
becomes less necessary during deformation, lowering the amount of
reversible twinning. Although there was a monotonic decrease in ane-
lasticity with increasing Zn and Gd contents, a similar trend was not
observed in Mg-Al alloys; both Mg-0.5Al and Mg-2Al alloys showed
similar anelasticity despite the diﬀerence in Al content [22]. However,
the study was complicated by the fact that the grain size of the Mg-
0.5Al alloy was three times larger than that of the Mg-2Al alloy. Ane-
lasticity of Mg alloys has also been observed to be more pronounced in
compression than in tension [16,17], due to increased activity of {10 1
2} twinning [24].
Recently, the eﬀects of strain rate on the tensile properties and
deformation microstructures of a range of Mg die-casting alloys
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including AM40 (Mg-4Al-0.3Mn), AM60, AZ91, and AE44 (as cast and
T5 aged) have been studied by the present authors over a wide strain
rate range 10−6−10−1 s−1 [25]. It was shown that strain-rate sensi-
tivity decreases with increasing Al solute level in the alloys, due to
dynamic strain ageing from the interaction between Al solute and dis-
locations. It was also shown that deformation twinning is more active in
alloys with higher Al solute levels.
The focus of the present work is on the anelastic behaviour of Mg
die-casting alloys under a similar strain rate range. The selection of
these alloys was inﬂuenced in part by their use as commercial alloys,
but principally to examine a range of alloy behaviours. AM40, AM60
and AE44-F have moderate strength but good ductility, while AZ91 and
AE44-T5 are higher-strength alloys. The strengthening mechanisms
within these two alloys are very diﬀerent with AE44-T5 strengthened
by nanoscale precipitates [26] while AZ91 is strengthened, at least in
part, by an intermetallic skeleton [27,28]. Comparisons of the amount
of anelasticity in these alloys can yield insights into the deformation
mechanisms.
2. Materials and experimental details
Mg alloys AM40, AM60, AZ91 and AE44 were high-pressure die-cast
in a 250 ton cold chamber machine. More details about the casting
process can be found elsewhere [29]. The chemical compositions of
these alloys were analysed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and are listed in Table 1. AE44 spe-
cimens were also given an ageing treatment for 32 h at 200 °C (labelled
T5).
Cast-to-size cylindrical cross section, dog-bone shaped tensile sam-
ples, 100 mm in length with a 36 mm parallel section in the gauge
length and a diameter of 5.6 mm were used in this study. Monotonic
and cyclic tension loading-unloading tests were performed on an
Instron 5569 universal testing machine with a 50 kN load cell at room
temperature using a constant rate of crosshead displacement with
nominal strain rates in the range from 10−6 to 10−1 s−1. For the cyclic
loading-unloading tests, the samples were loaded to a predetermined
strain, unloaded to zero stress and then reloaded again. All alloys were
cyclically tested to 3% strain, except AZ91, which was tested to a higher
strain (4.5%) in order to determine saturation of anelasticity. Each test
was repeated at least twice to ensure reproducibility. Compression tests
were not conducted in this study as high-pressure die-cast alloys are
relatively isotropic in mechanical properties [30,31].
Deformation microstructures of AE44 after cyclic testing to 3%
strain at diﬀerent strain rates were characterised by electron-back-
scattered diﬀraction (EBSD) and transmission electron microscopy
(TEM). EBSD data was collected in a FEI Nova NanoSEM at 20 kV using
a 0.5-μm step size. HKL Channel 5 Tango subroutine was used to
identify the twinning types based on the misorientation angle/axis
between the twinned region and matrix. They are {10 1 2} twins (i.e.
86°< 12 1 0>), {10 1 1} twins (i.e. 56°< 12 1 0>) and {10 1 3} twins
(i.e. 64°< 12 1 0>) [32–34]. The surfaces of all samples for EBSD
analysis were prepared using standard mechanical polishing procedures
and were ﬁnished by 0.06 µm OP-S. For TEM, the foils were cut from
tested specimens and were prepared by ion milling using a Gatan Pre-
cision Ion Polishing System (PIPS) at 4 keV with an incident angle of 4°.
The thin foils were examined in a JEOL 2100F TEM.
3. Results
Fig. 1 shows a typical loading-unloading hysteresis loop for AE44 at
10−4 s−1. Several relevant parameters are deﬁned where the total
strain (εt), is separated into three parts: linear elastic strain (εe), ane-
lastic strain (εae) and plastic strain (εp). Also shown is the corresponding
monotonic ﬂow curve. The monotonic ﬂow curve follows closely the
cyclic one, indicating that cyclic loading does not have an additional
eﬀect on the overall deformation behaviour.
Fig. 2(a) and (b) show the monotonic ﬂow curves of AZ91 and
AE44, respectively to illustrate the two extremes of behaviour observed
in these experiments. The ﬂow curves of as-cast AE44 consistently shift
higher with increasing strain rate while the changes in the ﬂow curves
of AZ91 are marginal. The ﬂow curves of aged AE44-T5 show slightly
higher strain-rate dependence than that of AE44, while the ﬂow curves
of AM40 and AM60 behave more like AZ91, which show a much lower
inﬂuence of strain rate. Cyclic ﬂow curves (not shown) exhibit the same
strain-rate eﬀect as monotonic ﬂow curves.
The monotonic ﬂow curve can also be separated into diﬀerent stages
based on the Kocks-Mecking method of analysis [35,36] extended by
Cáceres and his co-workers [3,13,37] for Mg polycrystals. Determina-
tion of these stages is illustrated in Fig. 2(c) and (d). Assuming the
elastic fraction, f, of the alloy deforms with an elastic modulus, E =
45 GPa [38,39], and the plastically deforming fraction strain hardens at
a rate of, Θh = 1.4 GPa (pure Mg polycrystals) [3–5], f can be calcu-
lated [3]:
=
−
−
f
E
Θ
Θ
dσ
dε h
h (1)
Where σ and ε are true stress and strain, respectively. The alloys are
fully elastic (stage I) up to ~65 MPa for AZ91 and ~45 MPa for AE44.
The departure from pure elasticity indicates the onset of stage II. During
stage II, the elastic fraction decreases rapidly due to basal slip and
twinning [3–5,37,40,41] and possibly a small amount of prismatic slip.
The elastic fraction reaches zero when the alloy becomes fully plastic
due to extensive prismatic slip (stage III) [3]. The onsets of these stages
are also shown in Fig. 2(a) and (b) and onset values reported in Table 2.
Upon extensive activation of prismatic slip, the strain hardening rate
Table 1
Chemical compositions (wt%) determined by ICP-AES for the studied die-cast Mg alloys.
Alloy Al Mn RE (Ce+La) Zn Mg
AM40 4.44 0.21 < 0.01 0.05 Bal.
AM60 6.26 0.29 < 0.01 0.1 Bal.
AZ91 8.88 0.19 < 0.01 0.74 Bal.
AE44 3.67 0.31 3.83 < 0.01 Bal.
Fig. 1. An overview of cyclic stress-strain curve of die-cast AE44 at 10−4 s−1, where the
total strain (εt) can be separated into linear elastic strain (εe), anelastic strain (εae) and
plastic strain (εp). E is the nominal elastic modulus of Mg, taken as 45 MPa [38,39], while
Esec is the secant elastic modulus. σf is deﬁned as the applied stress where unloading
starts. The dashed line is the monotonic tensile ﬂow curve.
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becomes constant (dashed line, prismatic slip-dominated region) at
1.6 GPa in AZ91 and 1.2–1.6 GPa (depending on the strain rate) in
AE44, close to the expected value of 1.4 GPa, a value commensurate
with athermal accumulation of forest dislocations [5,13]. Comparing
AZ91 with AE44, it is interesting to note that in AZ91, the decrease of
the elastic fraction towards zero is more asymptotic, indicating a gra-
dual transition from stage II to stage III.
Fig. 3 shows the anelastic strain, εae (deﬁned in Fig. 1) as a function
of applied strain at strain rates spanning 10−6−10−1 s−1. The onset of
stage III deﬁned in Fig. 2 is also marked on the anelastic curves. As
observed, the anelastic strain saturates at between 0.2% and 0.45%,
depending on the alloy and strain rate, after a total strain of 1.5–2%.
For a given alloy, the maximum value of anelastic strain increases with
strain rate; the changes of this maximum value against strain rate are
greatest in aged AE44-T5, followed by AE44, while the changes are
lower in AM40, AM60 and AZ91, consistent with the changes in cyclic
and monotonic ﬂow curves. While the maximum anelastic strain varies
with strain rate, it is interesting to note that anelastic strain is less
dependent on strain rate at the early stages of deformation prior to the
onset of stage III.
To analyse the diﬀerence in deformation microstructures at dif-
ferent strain rates, high strain rate-sensitive alloy, AE44 was examined
by EBSD and TEM after cyclic testing to 3% strain as shown in Figs. 4
and 5, respectively. From EBSD analysis, it can be observed that the
starting microstructure is twin-free; diﬀerent types of twins are formed
after cyclic tensile deformation with the predominance of {10 1 2}
extension twins. {10 1 2} extension twins also increase with increasing
strain rate more than any other twin type (Table 3). {10 1 2} extension
twinning is more reversible than other twinning types [20,42] because
Fig. 2. Monotonic ﬂow curves of (a) AZ91 and (b) AE44 at strain rates 10−6−10−1 s−1 which can be separated into diﬀerent region as illustrated by the volume fraction of (c) AZ91 and
(d) AE44 that remained elastic as a function of stress (calculated with Eq. (1)). Onsets of stages II and III are marked by ‘O’ and ‘X’, respectively.
Table 2
Stresses and strains at the onsets of stage II and stage III from repeated tests calculated
using formalism proposed in literature [3,13,37].
Alloy Strain
rate
(s−1)
Stage II onseta Stage III onset*
Stress (MPa) Strain (%) Stress (MPa) Strain (%)
AM40 10−6 47± 2.50 0.12± 0.01 126±0.00 0.90± 0.02
10−2 40± 0.00 0.11± 0.02 132±1.00 0.93± 0.02
AM60 10−6 43± 0.50 0.10± 0.01 147±1.00 1.02± 0.08
10−1 46± 4.50 0.11± 0.10 155±1.50 1.01± 0.03
AZ91 10−6 66± 4.00 0.17± 0.02 195±3.00 1.25± 0.07
10−1 65± 5.00 0.16± 0.02 198±0.00 1.29± 0.02
AE44 10−6 44± 1.00 0.10± 0.01 145±3.50 0.79± 0.04
10−1 36± 4.00 0.09± 0.02 172±0.00 1.14± 0.08
AE44-T5 10−6 72± 1.00 0.14± 0.01 174±2.00 0.82± 0.04
10−1 72± 1.00 0.16± 0.00 209±2.50 1.28± 0.13
a The onset values of stage II are taken as the departure from pure elasticity while the
onset values of stage III are taken as the start of linear hardening region on the tensile
ﬂow curve.
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of the near 90° reorientation (86.3°) of the basal pole [33,34]. The in-
crease of {10 1 2} twinning with strain rate had also been reported for
die-cast AM60 and AZ91 in our previous study [25], although the in-
crease is less in a low strain rate-sensitive alloy AZ91. In TEM images
shown in Fig. 5, more dislocations pile-ups are observed when viewed
with g = [10 1 1]. Most dislocation pile-ups become invisible when
viewed with g = [0002], indicating that they are basal dislocations.
Those dislocations that are still visible when viewed with g = [0002]
are prismatic slip. It is clear that deforming at higher strain rates results
in more dislocation pile-ups at twin and grain boundaries.
4. Discussion
The results presented here show that anelasticity is not very strain-
rate dependent prior to the onset of stage III (extensive prismatic slip).
Upon the onset of stage III, anelasticity starts to saturate, and the
maximum anelasticity is strain-rate dependent, suggesting that pris-
matic slip may inﬂuence the anelasticity. In another hexagonal closed-
packed metal, Zirconium (Zr) [43], it was observed that a small amount
of slip in the Zr matrix may relax the internal stresses which are re-
quired to revert the twins during unloading. In this manner, slip dis-
locations might aﬀect twin reversion. Similarly, later work on pure Mg
and Mg-Zn alloys [17] and die-cast AZ91 [16] showed a relationship
between reversible twinning and prismatic slip. Easier prismatic slip
was thought to reduce the tendency for twinning to occur as a de-
formation mechanism, with the net result being reduced reversible
twinning. The discussion will now consider how strain rate and alloy
content aﬀect slip, which in turn results in changes in twinning and
consequently anelasticity.
4.1. The eﬀect of strain rate
Prior to the onset of stage III, the changes in anelastic strain with
strain rate are smaller (Fig. 3). This is because in stage II, basal slip and
twinning are the dominant deformation mechanisms [5,37,40,41].
Since it is well-known that CRSS of basal slip and twinning are strain-
rate independent [44–48], it would be expected that the anelastic strain
in this region is strain-rate independent. The small variations in ane-
lastic strain in this region could be due to small strain-rate eﬀect of
basal slip or presence of small amount of prismatic slip. The latter may
be the case for AZ91, which shows a gradual transition from stages II to
III (Fig. 2(c)), indicating that prismatic slip may activate early, leading
to some strain-rate sensitivity even before the onset of stage III.
Upon onset of stage III, twinning starts to saturate as extensive
prismatic slip is activated. Extensive prismatic slip can also reduce the
twin boundary mobility [43], and therefore, the anelastic strain starts
to saturate (Fig. 3).
The maximum anelasticity then increases with increasing strain rate
in the studied alloys. This is due to a delay in the onset of stage III with
increasing strain rate, as indicated by the higher onset stress and strain
(Fig. 2(a) and (b)). Dislocations are thermally activated [49]. As strain
rate increases, there is less time for thermal activation of slip [50],
making prismatic slip more diﬃcult to activate at higher strain rates.
The CRSS of prismatic slip has also been reported to be dependent on
strain rate [44,46]. Firstly, diﬃculty in activation of prismatic slip at
higher strain rate increases the alloys’ tendency to twin, in particular
{10 1 2} twins as shown in Fig. 4 and Table 3. Secondly, the increased
dislocation pile-ups at twin and grain boundaries at higher strain rates
(Fig. 5) could increase the internal back stresses [51]. Internal back
stresses are required to revert the twins [18]. Both phenomena can
increase the amount of reversible twinning (larger maximum anelastic
Fig. 3. Anelastic strain (deﬁned in Fig. 1) as a function of strain, for as-cast (a) AM40, (b) AM60, (c) AZ91, (d) AE44 and (e) T5-aged AE44, at strain rate range 10−6−10−1 s−1. Onset of
stage III, extensive prismatic slip (deﬁned in Fig. 2) is marked by symbol ‘X’.
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strain) at higher strain rates (Fig. 3).
4.2. Inter-alloy comparison
Comparison of Mg-Al alloys AM40, AM60 and AZ91 without RE
addition showed that the linear elastic region is extended with in-
creasing Al content due to a delay in the stage II onset (Fig. 6(a)). This
suggests that AZ91 has a larger elastic region in comparison with AM40
and AM60. The delay in the stage II onset also reduces the anelasticity
in AZ91 at low stresses (Fig. 6(b)). However, AZ91 shows the largest
maximum anelastic strain, i.e. the amount at saturation, while AM60
and AM40 show similar maximum anelastic strain (Fig. 7).
The grain sizes of these alloys are similar (~8 µm) so the main
diﬀerence is the Al content. The major eﬀect of Al at high concentra-
tions such as 9 wt% (AZ91) is solid solution hardening of slip planes
[18]. This explains the higher onsets of stage II and III deformation,
implying that both basal and prismatic slip are becoming more diﬃcult,
respectively. However, Al has little hardening eﬀect on twinning as Al
forms near-random solid solutions [52] and does not develop short-
range order (SRO) [53]. {10 1 2} twinning is shuﬄing dominated
[54,55] and it becomes more diﬃcult when SRO is present. Since both
basal and prismatic slip are more diﬃcult in AZ91 while twinning is not
hardened by Al; the relative propensity for twinning increases, thereby
increasing the maximum anelastic strain.
Another notable observation is the similar maximum anelastic strain
in AM40 and AM60 (Fig. 7), despite a notable diﬀerence in Al content.
This can be rationalised as follows. Additional Al solute up to 2 wt%
was found to soften prismatic planes [22], and since Al solute above
9 wt% can harden slip planes [18], the present work suggests that there
is a transition from softening to hardening of prismatic planes with
increasing Al concentration from 2 to 9 wt%. It is likely that both AM40
and AM60 are near the softening-hardening transition point in which Al
content has less of an eﬀect on slip planes, and hence they have similar
maximum anelastic strain. This hypothesis is further supported by the
(a)
(b) (c)
(d) (e)
Fig. 4. EBSD maps of AE44 showing (a) twin-free microstructure in as-cast condition and the formation of diﬀerent types of twins at strain rates of (b, c) 10−6 s−1 and (d, e) 10−1 s−1
after cyclic testing to 3% strain. The loading direction is horizontal.
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fact that there is barely any diﬀerence between the onsets of stages II
and III in AM40 and AM60 (Fig. 6(a)).
Another conundrum arising from the present results is that both
AE44 and AE44-T5 have smaller maximum anelastic strain below
10−3 s−1; whilst above 10−3 s−1, the maximum anelastic strain is ob-
served to increase to be greater than that found in AM40 and AM60
(Fig. 7). AE44, which has a lower amount of Al in solid solution [25],
consists of Al-RE intermetallics which are not found in the AM40, AM60
and AZ91 alloys [56,57]. Recent studies on other die-cast Mg alloys
showed a measurable strengthening eﬀect of the percolating inter-
metallic [27,28,58,59], but it is not known if it has an eﬀect on the
anelastic deformation. Comparison between Mg-Al-RE and Mg-Al alloys
is more complex due to the microstructural diﬀerences, and requires
further investigation.
Interestingly, in Fig. 7, the increase in the maximum anelastic strain
with strain rate is smaller when the prismatic slip (stage III) onset is less
strain-rate sensitive, e.g. in AM40, AM60, and AZ91. This further
proves that prismatic slip has an indirect eﬀect on the overall anelastic
behaviour. The question of interest here is why prismatic slip is more
strain-rate sensitive in AE44 and T5-aged AE44. The eﬀect of strain rate
on the tensile behaviour of similar die-cast alloys has been investigated
in previous work [25], which showed that increasing Al in solution
decreases the strain-rate sensitivity in stage III. The reduction in strain-
rate sensitivity was explained by dynamic strain ageing due to the in-
teraction of Al solute with dislocations [25]. Both AE44 and AE44-T5
have very little Al solute in the α-Mg matrix, especially in the T5
condition where even more solute is removed as a result of precipitation
[26]. Consequently, as previously reported [25] these alloys are less
likely to be aﬀected by dynamic strain ageing and the intrinsic strain-
rate sensitivity in Mg which is often attributed to the hexagonal closed-
packed crystal structure [60] is manifested, especially in the stage III
region. Overall, it is the strain-rate dependence of prismatic slip that
leads to a variation in maximum anelasticity with strain rate, even
though twinning is strain-rate insensitive.
4.3. Eﬀect of precipitation
It has recently been observed that a T5 heat treatment leads to a
signiﬁcant increase in the strength of AE44 with the main change in
microstructure being the precipitation of Al-Mn phases and a con-
sequent reduction in solute in the matrix [26]. In Fig. 6(a), the onset of
stage II deformation in AE44 and AE44-T5 occurs at stresses ~45 MPa
and ~70 MPa, respectively. The extended linear elastic region in AE44-
T5 suggests that basal slip is delayed, presumably due to precipitation
hardening. Besides the hardening of basal slip, there is also evidence of
Fig. 5. TEM observations of dislocations pile-ups at twin and grain boundaries in AE44 cyclic tested to 3% strain at (a) 10−6 s−1 and (c) 10−1 s−1 when viewed with g= [10 1 1]. (b) and
(d) are the same area but viewed with g = [0002].
Table 3
The type of twins formed in high strain rate-sensitive AE44 after cyclic deformation to 3%
strain and the twinned area fraction determined by EBSD mapping.
Strain rate
(s−1)
Twinned area fraction (%) Total twinned area
fraction (%)
{10 1 2} {10 1 1} {10 1 3}
10−6 1.9±0.10 0.5± 0.03 0.2± 0.02 2.6±0.11
10−1 3.1±0.10 0.2± 0.05 0.1± 0.02 3.4±0.07
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hardening of prismatic slip (higher onset of stage III) in AE44-T5. Since
both basal and prismatic slip are more diﬃcult in AE44-T5, the total
amount of anelastic strain in AE44-T5 should be more than that in AE44
given the argument provided for AZ91, but the present results (Fig. 7)
suggest otherwise.
The lower maximum anelastic strain in AE44-T5 compared to AE44
suggests a reduced tendency to de-twin in AE44-T5. In the presence of
precipitates, twinning will encounter these precipitates as it propagates
along the twin boundaries [61]. An additional stress is required to bow
twinning around the particles. If twinning is more diﬃcult due to the
presence of precipitates, the amount of de-twinning and consequently
anelasticity will also reduce.
In fact, studies have shown that precipitates can suppress diﬀerent
deformation mechanisms, depending on the precipitate morphology
[62,63]. For example, rod-like precipitates are more eﬀective in
strengthening basal slip than prismatic slip [64], while plate-like pre-
cipitates are more eﬀective in inhibiting twinning compared to sphere-
like precipitates [61]. The AE44-T5 alloy used in the present study has
been characterised by TEM and results showed that the Al-Mn
precipitates formed in this alloy are nano-scale particles [26]. Hence,
they are likely to have the same strengthening eﬀect on any deforma-
tion modes. The presence of precipitates may suppress all deformation
mechanisms, leading to a smaller total strain at a given stress (com-
paring AE44 and AE44-T5 in Fig. 6(a)).
4.4. The eﬀect of anelastic strain on the oﬀset strain for proof stress
measurement
The presence of anelasticity in Mg and its alloys has been observed
to delay the onset of yielding and make proof stress measurement dif-
ﬁcult [2]. A more accurate and consistent proof stress measurement
method was previously proposed and it was shown that an appropriate
oﬀset strain for 0.2% proof stress should always consider the anelasti-
city at 0.2% plastic strain [2]. Since the present results show a change
in anelastic strain with strain rate, the appropriate oﬀset strain to
achieve a 0.2% permanent strain proof stress for AZ91 and AE44 can
range from 0.39% to 0.48% and 0.37 to 0.51% respectively, depending
on the applied strain rate as shown in Fig. 8. A wider range of oﬀset
strain in AE44 compared to AZ91 is a consequence of a larger variation
in anelastic strain due to the high strain-rate dependence of prismatic
slip in AE44.
5. Conclusions
The anelasticity of commercial die-cast Mg-Al based alloys has been
studied across quasi-static strain rates 10−6−10−1 s−1. The following
conclusions are drawn from this study:
1. Anelastic strain increases with stress and strain at early stages of
deformation when basal slip and twinning dominate. The strain-rate
insensitivity of these two deformation modes results in little varia-
tion of anelastic strain with strain rate in this region. As deformation
continues, the anelasticity begins to saturate to a maximum upon
activation of extensive prismatic slip. The strain-rate sensitivity of
prismatic slip leads immediately to the high strain-rate dependence
of maximum anelastic strain.
2. AZ91 has smaller anelastic strain at low stress levels, but it exhibits
the largest maximum anelastic strain, when compared to AM40 and
AM60. It is proposed that at low Al contents, solution softening of
the prismatic planes reduces the need to twin, whereas at the higher
concentrations, solid solution hardening in all slip systems (but not
Fig. 6. A correlation between onsets of stages II and III with anelastic strain. (a) Monotonic tensile ﬂow curve with the onsets of stage II marked by ‘O’ and stage III marked by ‘X’ and (b)
stress as a function of anelastic strain at strain rate 10−4 s−1. For onset values, refer to Table 2.
Fig. 7. Maximum anelastic strain as a function of strain rate, for all alloys tested.
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twinning) makes dislocation slip more diﬃcult, leading to an in-
creased amount of twinning. The small anelastic strain of AZ91 at
low stresses is due to its extended linear elastic region, resulting in a
delay in the onset of anelasticity.
3. The presence of precipitates in aged AE44-T5 is observed to harden
not only basal and prismatic slip, but also suppress twinning, low-
ering the anelastic strain in comparison with as-cast AE44.
4. The variation in anelastic strain with strain rate leads to a wide
range of oﬀset strains required to achieve a 0.2% permanent strain
proof stress even for the same alloy.
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Abstract 
 
Magnesium and its alloys have a complex progression of deformation mechanisms due to the 
hexagonal closed-packed crystal structure. The deformation behaviour is marked by the 
commencement of elastic (Stage I), followed by <a> basal slip and twinning (Stage II), <a> 
prismatic slip (Stage III) and finally <c+a> pyramidal slip (Stage IV). These deformation 
mechanisms result in four distinct stages of strain hardening in the stress-strain curve. In this 
study, the four stages of deformation behaviour of a range of commercial die-cast 
magnesium-aluminium based alloys are modelled. A semi-empirical equation is then 
proposed to model the entire stress-strain curve. It is shown that both Stages I and III can be 
described by a linear equation while Stages II and IV follow a power-law relationship and are 
modelled with the Hollomon’s equation. The proposed model provides a good fit to the 
experimental stress-strain data for AM40, AM60 and AE44. However, there is a slight 
discrepancy with the experimental data for AZ91 in the Stage II-III transition region. The 
possible cause for the observed discrepancy in AZ91 is discussed. 
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1. Introduction 
 
Die-cast magnesium (Mg) alloys have low density and high specific strength and have 
found many applications in automotive structural parts, for example, AZ91 (Mg-9Al-1Zn) in 
steering column brackets and brake pedals, AM40 (Mg-4Al-0.3Mn) and AM60 (Mg-6Al-
0.3Mn) in seat frames and instrument panels, and AE44 (Mg-4Al-4RE) in an automotive 
front engine cradle (Avedesian and Baker, 1999; Bakke et al., 2003; Mordike and Ebert, 
2001). A good knowledge of deformation behaviour, especially strain-rate sensitivity is 
important for understanding the crashworthiness of these alloys. 
Recently, the effect of strain rate on the tensile properties (Ang et al., 2017b) and 
deformation behaviour (Ang et al., 2017a) of similar Mg alloys has been studied by the 
present authors at strain-rate range 10-6-10-1 s-1. It is observed that the deformation behaviour 
of Mg and alloys can be separated into three regions: elastic, anelastic and plastic (Ang et al., 
2016; Cáceres et al., 2003; Mann et al., 2007; Nagarajan, 2017; Nagarajan et al., 2017). 
Within these regions, the stress-strain curve can be further divided into four stages (Cáceres 
and Lukáč, 2008; Yang et al., 2012a; Yang et al., 2012b). 
Stage I - Elastic deformation is a reversible process which involves stretching of the 
atomic bonds. The elastic limit of Mg and alloys are relatively low (< 40 MPa), with a 
consequently short linear region (Ang et al., 2016; Lu and Blackmore, 2014).  
Stage II - Beyond the elastic deformation is the onset of anelasticity and plasticity. 
During this stage, grains with a favorable orientation to the stress axis (soft-oriented grains) 
deform first via <a> basal slip until they are stopped by obstacles, i.e. grain boundaries, while 
grains with harder orientations either remain elastic or twin (Akhtar and Teghtsoonian, 1968). 
As soft-oriented grains diminish their share of elastic strain, hard-oriented grains compensate 
by becoming more highly stressed. The overall hardening rate in this stage is determined by 
load sharing between soft and hard-oriented grains (Agnew et al., 2003). <a> Basal slip 
induces plasticity while reversible twinning contributes to anelasticity (Wang et al., 2013). 
Due to the limited independent <a> basal slip systems in Mg (Partridge, 1967), twinning is 
essential to deformation in this region. The anelastic deformation in this stage is reported to 
be greater than plastic deformation, for example in die-cast AZ91 (Mg-9Al-1Zn) (Cáceres et 
al., 2003). 
Stage III - As deformation continues at a higher stress level, the first available non-basal 
slip system, i.e. <a> prismatic slip (Akhtar and Teghtsoonian, 1968; Qiao et al., 2015; 
Stanford and Barnett, 2013) will be activated. In this stage, a combination of <a> prismatic 
slip and <a> basal slip offers only four independent slip systems (Partridge, 1967) and this 
still does not satisfy the Von Mises-Taylor criterion (Mises, 1928; Taylor, 1938), therefore, 
twinning must still be present in this stage. Activation of <a> prismatic slip allows the <a> 
basal dislocations which were retarded by obstacles in the previous stage to cross slip (change 
of slip plane from basal to prismatic) to bypass obstacles, creating a forest of dislocations. 
The strain hardening rate in this stage drops to about 1.4 GPa for pure Mg, a value consistent 
with athermal accumulation of forest dislocations (Cáceres and Blake, 2007; Cáceres et al., 
2008; Kocks and Mecking, 2003). 
Stage IV - The end of Stage III is marked by onset of a second non-basal slip system, 
which experiments show is <c+a> pyramidal slip (Wonsiewicz, 1966). Activation of <c+a> 
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pyramidal slip reduces the pile-up stresses (back stresses) at obstacles as dislocations piled up 
at obstacles in previous deformation stages are allowed to escape. This is also known as 
dynamic recovery (Cáceres and Blake, 2007; Dieter, 1988) which further reduces the strain 
hardening rate until fracture occurs. 
Note that the different stages of deformation behaviour are referring to the different 
dominating mechanisms themselves (e.g. bond stretching, <a> basal slip, twinning, <a> 
prismatic and <c+a> pyramidal slip), and the deformation mechanisms in previous stages do 
not necessarily stop as the next stage commences. Since the stress-strain curve is largely 
dependent on the strain hardening behaviour of these mechanisms, modelling these different 
stages individually provides insights into the contribution of each deformation mechanism 
and this will provide the foundation for future development of improved structural alloys. 
To date, modelling of the complete stress-strain curve of Mg and alloys has not been 
reported, and published work only focused on certain stages of deformation. In the modelling 
of Mg alloy AZ31 sheet (Takuda et al., 2005), a power law was proposed to express tensile 
stress as a function of strain, strain rate and temperature. However, their proposed equation is 
only valid in between 5-7% strain for strain rates of 10-2-100 s-1 and temperatures of 423-573 
K. Their model does not provide a good fit at the early stages of deformation. The model 
developed for {101�2} twinning (Barnett et al., 2015) in an extruded AZ31 can predict the 
stress-strain curve at low strains, up to 1.5%. However, the model is not able to extend to 
higher strains due to complex phenomena involved such as interactions between slip and 
twinning and saturation of twin nucleation at higher strains. Applying the Kocks-Mecking 
method of analysis (Kocks, 1970; Kocks and Mecking, 2003), Cáceres and his co-workers 
have analysed the Stage III deformation of permanent mould-cast pure magnesium (Cáceres 
and Blake, 2007) and die-cast Mg-9Al alloy (Yang et al., 2012a) with a simple linear 
equation, but other stages of deformation were not investigated. In this work, based on the 
analysis of deformation mechanisms at different stages, the entire stress-strain curves of a 
range of die-cast Mg-Al based alloys with various Al contents, i.e. AM40, AM60, AZ91 and 
AE44 in a wide strain-rate range 10-6-10-1 are modelled by a semi-empirical constitutive 
equation. 
 
 
2. Deformation Behaviour at Different Strain Rates  
 
Commercial high-pressure die-cast AM40, AM60, AZ91 and AE44 alloys of similar 
grain sizes (~ 8 μm) were used in this study. Some AE44 specimens were also given an 
ageing treatment for 32 h at 200 °C (labelled T5). Apart from their commercial importance, 
these alloys were selected to understand the deformation behaviour of high-strength alloys 
(AZ91 and AE44-T5) and low-strength alloys (AM40, AM60 and AE44). Both monotonic 
and cyclic tension loading-unloading tests were carried out at a wide strain-rate range 10-6-10-
1 s-1. Details of the materials compositions and mechanical testing can be found in recent 
publications by the authors (Ang et al., 2017a; Ang et al., 2017b). 
Fig. 1 shows the monotonic (taken from (Ang et al., 2017b)) and cyclic stress-strain 
curves at different strain rates for AZ91 and AE44 (alloys with the most different behaviour 
observed in these experiments). The flow curves of as-cast AE44 consistently shift higher 
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with increasing strain rate while the changes in the flow curves of AZ91 are smaller. It should 
be noted that the flow curves of aged AE44-T5 show slightly higher strain-rate dependence 
than that of AE44, while the flow curves of AM40 and AM60 behave more like AZ91, which 
show a much reduced effect of strain rate under both monotonic and cyclic testing. The 
original paper (Ang et al., 2017b) showed that the reduction in strain-rate sensitivity with 
increasing Al contents in solution was due to dynamic strain ageing from the interaction 
between Al solute and dislocations. As also reported (Ang et al., 2017b), both AE44 and 
AE44-T5 have very little Al solute in the α-Mg matrix, especially in the T5 condition where 
even more solute is removed as a result of precipitation (Zhu et al., 2016), and therefore they 
are less likely to be affected by dynamic strain ageing and the intrinsic strain-rate sensitivity 
in Mg attributed to its hexagonal closed-packed crystal structure (Meyers, 1994) is observed. 
Cycling does not affect the strain hardening behaviour as monotonic flow curve (dashed line) 
follows closely with the cyclic one.  
 
 
Fig. 1. Monotonic (dashed) and cyclic (solid) stress-strain behaviour of (a) AZ91 and (b) 
AE44 at different strain rates, ε̇=10-6-10-2 s-1. 
 
 
3. Constitutive Modelling of Deformation Behaviour 
 
3.1 Stage I: Elasticity 
Elastic deformation is well understood as a change in shape of a material at low stress 
that is recoverable after the applied stress is removed. In this stage, the applied stress, σ is 
proportional to elastic strain, εI and the deformation behaviour is governed by Hooke’s law: 
 
                                                          σ = E εI                                                                    (1) 
                                                     
For Mg and alloys, the stress-strain curve has very small linear elastic region which 
applies only at low stress levels (< 40MPa) (Ang et al., 2016; Lu and Blackmore, 2014; 
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Nagarajan, 2017; Nagarajan et al., 2017), where the elastic modulus of Mg, E=45 GPa 
(Avedesian and Baker, 1999; Sumitomo et al., 2002) is measured. 
 
3.2 Stage II: <a> Basal Slip and Twinning 
The departure of linear elasticity is marked by the onset of anelastic and plastic 
deformations. During this stage, soft-oriented grains will undergo plastic deformation first by 
<a> basal slip. However, due to the hexagonal closed-packed crystal structure of Mg and 
alloys, <a> basal slip provides only two independent slip systems (Partridge, 1967) and this 
does not satisfy the von Mises-Taylor criterion (Mises, 1928; Taylor, 1938) for homogeneous 
deformation. Therefore, most grains in this region will undergo twinning (Christian and 
Mahajan, 1995; Pekguleryuz et al., 2013; Yoo, 1981). However, twins formed during loading 
are not stable (Duerig and Zadno, 1990); and they can revert during unloading (Muránsky et 
al., 2009), giving rise to large hysteresis loops as observed in cyclic stress-strain curves (Fig. 
1). The anelastic strain is measured from the width of these hysteresis loops (Cáceres et al., 
2003; Lu and Blackmore, 2014; Nagarajan et al., 2017). Therefore, this stage is a mix of 
anelasticity and plasticity. For the sake of the following discussion, the term anelastic strain, 
εae is associated only with reversible twinning; while Stage II strain, εII is made up of 
anelasticity and plasticity, and is composed of all three mechanisms, <a> basal slip, 
irreversible twinning and reversible twinning. 
To examine the relationship between εII and εae, εII taken from monotonic flow curve 
and εae taken from hysteresis loops in cyclic flow curve are plotted in Fig. 2. It is clear that 
εae (dotted) is proportional to εII (dashed) and εII is composed of 60-75% of εae depending 
on the alloy. In short, twinning dominates in Stage II and most twins that form revert upon 
unloading, correlating well with the literature for fine-grained high-pressure die-cast Mg 
alloys (Cáceres et al., 2003; Mann et al., 2007). 
It is observed that εae is insensitive to strain rate prior to reaching the maximum value. 
This is because at early stages of deformation when <a> prismatic slip is absent, deformation 
is controlled by <a> basal slip and twinning which are less strain-rate sensitive (Barnett, 
2003; Bettles and Barnett, 2012; Ma et al., 2013; Meyers et al., 2001; Ulacia et al., 2010). As 
deformation continues, anelasticity begins to saturate to a maximum upon extensive 
activation of <a> prismatic slip. The strain-rate sensitivity of <a> prismatic slip (Ma et al., 
2013; Ulacia et al., 2010) leads immediately to the high strain-rate dependence of maximum 
anelastic strain (Ang et al., 2017a).  
Since εII is made up of 60-75% of εae (Fig. 2), and the irreversible twinning fraction 
was observed to be less than 10% in these die-cast alloys (Ang et al., 2017b), a simple 
assumption is made that εII can be modelled like εae, being strain-rate insensitive at early 
stages of deformation prior to reaching a maximum. 
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 Fig. 2. Applied stress as a function of Stage II strain, for as-cast (a) AM40, (b) AM60, (c) 
AZ91, (d) AE44 and (e) AE44-T5, at strain-rate range 10-6-10-1 s-1. Dotted line is the anelastic 
strain and dashed line represents the stage II strain which is composed of 60-75% of anelastic 
strain.  
 
Modelling of Stage II deformation has not yet been reported but anelasticity which 
follows the same trend as Stage II has been modelled with a Weibull function for its 
sigmoidal relationship with applied stress (Mann et al., 2007): 
 
εae = εae, max [ 1- exp {- ( σσ1)me} ]       (2) 
 
where εae,max is the maximum anelastic strain, σ1 is the stress where anelasticity 
increases the fastest and me is the Weibull modulus. However, anelasticity can be further 
divided into strain-rate insensitive and sensitive components as observed in Fig. 2. The 
Weibull function cannot clearly reflect these two distinct regions of anelasticity because any 
changes to the Weibull function parameters change the entire function curve and not just the 
maximum. This is illustrated in Fig. 3(a) using the εae measured from AE44 at 10
-4 s-1 as an 
example. In contrast, Fig. 3(b) shows that a much simpler power-law relationship is able to 
model the strain-rate insensitive component of the anelasticity while the strain-rate sensitive 
component (maximum anelastic strain) can be included in the modelling of Stage III 
deformation as discussed in Section 3.3. 
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 Fig. 3. Comparison of Weibull function and power law. (a) A Weibull function diagram 
illustrating any changes in Weibull function parameters can change the entire function curve 
and cannot reflect the strain-rate insensitive and sensitive components of anelasticity, and (b) 
a power law modelling the strain-rate insensitive region of anelasticity. 
 
Due to this dilemma, we suggest modelling the strain-rate insensitive component of 
Stage II with:  
 
σ = KII εIInII       (3) 
 
where KII is the strength coefficient and nII is the strain hardening exponent in Stage II. 
The next step is to determine the upper limit of Eq. (3) to describe the strain-rate sensitivity 
of the maximum anelasticity. 
To find this upper limit, the strain-rate sensitive maximum anelasticity needs to be 
reviewed. There seems to be a correlation between maximum anelastic stress, σae,max and the 
stress when Stage III strain reaches 0.01 (for AM40, AM60, AE44) and 0.015 (for AZ91) as 
shown in Fig. 4. σ0.01,III and σ0.015,III denote the stresses when Stage III strain (also known as 
<a> prismatic strain), εIII, reaches 0.01 and 0.015, respectively. Unlike the rest of the alloys, 
σ0.01,III in AZ91 does not match its σae,max (symbol deviates from dashed line), indicating 
that the maximum anelasticity in AZ91 saturates at a higher εIII of 0.015. Determination of 
εIII is covered in Section 3.3.  
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 Fig. 4. Stress when εIII reaches 0.01 for as-cast AM40, AM60, AZ91, AE44 and AE44-T5 
and 0.015 for AZ91 as a function of maximum anelastic stress.  
 
The possibility of anelasticity reaching a maximum at εIII of ~ 0.01-0.015 is consistent 
with other work. Previous experiments showed that maximum anelasticity occurred at a 
plastic strain of ~ 0.01 for mold-cast Mg-Gd alloys (Nagarajan, 2017), ~ 0.015 for sand-cast 
pure Mg and Mg-Zn alloys (Mann et al., 2007) and die-cast AZ91 (Cáceres et al., 2003), ~ 
0.02 for sand-cast Mg-Al alloys (Nagarajan et al., 2012). When deformation is small, less 
than a strain of 0.01, twins can multiply undisturbed, and anelasticity increases with stress 
and strain. When deformation is large, exceeding a strain of 0.01, activation of other slip 
systems, such as <a> prismatic slip, in the matrix surrounding the twins will decrease the 
twin boundary mobility. Consequently, reversible twinning is restricted (Cui et al., 2017; 
Reed-Hill et al., 1965). Considering this information, an assumption is made that Stage II 
saturates (due to saturation of reversible twinning) when anelasticity reaches a maximum 
upon extensive activation of <a> prismatic slip at εIII of 0.01 for AM40, AM60 and AE44 
and 0.015 for AZ91. 
With this assumption in mind, Fig. 5 compares the experimental Stage II curves with 
those computed by Eq. (3) at low εII of no more than 0.0015 for AZ91 and AE44. This low 
εII value was chosen to ensure no involvement of <a> prismatic and <c+a> pyramidal slip in 
the modelling of Stage II. It is observed that Stage II starts at about 25 MPa for AE44 and 
about 40 MPa for AZ91 when εII becomes significant, indicating that AZ91 has a larger 
elastic region. The experimental flow curves (solid) in this stage show no strain-rate 
dependency. The slight difference between the flow curves is due to experimental variation, 
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and an average flow curve (dashed) is fitted. The KII and nII values for each strain rate and 
alloy from repeated tests are summarised in Table 1. 
 
 
Fig. 5. Average deformation behaviour of Stage II for AZ91 and AE44, best fit using Eq. (3) 
(dashed) are compared with experiments (solid). 
 
Table 1. Parameters in Stage II: KII (MPa) and nII of best fit of Eq. (3). 
 
?̇? 
AM40 AM60 AZ91 AE44 AE44-T5 
KII nII KII nII KII nII KII nII KII nII 
10-6 337±0.84 0.19±0.00 507±59.2 0.23±0.02 1049±316 0.30±0.05 794±61.7 0.30±0.01 565±42.9 0.21±0.02 
10-5 - - - - - - 864±67.7 0.30±0.01 679±0.42 0.23±0.00 
10-4 411±31.6 0.22±0.01 455±1.50 0.21±0.00 591±148 0.21±0.04 955±59.7 0.32±0.01 714±25.4 0.24±0.01 
10-3 - - - - - - 987±2.17 0.33±0.00 757±4.10 0.25±0.00 
10-2 412±1.44 0.21±0.00 610±77.7 0.26±0.02 654±0.26 0.23±0.00 898±5.37 0.31±0.00 766±0.11 0.25±0.00 
10-1 - - 638±2.32 0.26±0.00 916±0.07 0.28±0.00 1369±1.25 0.37±0.00 791±1.47 0.25±0.00 
Average 387±39.5 0.21±0.01 552±89 0.24±0.02 803±256 0.25±0.05 978±190 0.32±0.02 712±77.9 0.24±0.01 
 
3.3 Stage III: <a> Prismatic 
The end of Stage II is determined by the onset of <a> prismatic slip. In this stage, any 
<a> basal plane dislocations inhibited by obstacles (i.e. grain boundaries) are allowed to cross 
slip, relaxing the dislocation pile-up stresses at grain boundaries. Activation of <a> prismatic 
slip allows cross slip to occur and creates a forest of dislocations in the process. The strain 
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hardening rate in this stage is linear and follows an equation of the form (Cáceres and Blake, 
2007; Dieter, 1988; Kocks and Mecking, 2003): 
 
                                                          σ = Θ εIII + σy                                                         (4) 
 
where εIII is the <a> prismatic strain, σy is the <a> prismatic yield stress, and Θ is the 
strain hardening rate in Stage III (slope), with the definition (Kocks and Mecking, 2003; 
Mecking and Kocks, 1981): 
 
                Θ = Θh- Θr (ε̇, T)                 (5) 
 
The first term Θh is the athermal component of strain hardening rate which is between 1-
2 GPa (Cáceres and Blake, 2007). Θh is ≈ E/32 ≈ 1.4 GPa for pure Mg (Cáceres and Blake, 
2007) and Mg-9Al (Yang et al., 2012a), and ≈ E/25 ≈ 1.8 GPa for AZ31 (Yang et al., 2012b), 
where E is the elastic modulus of Mg (45 GPa (Avedesian and Baker, 1999)). Θh is 
insensitive to many variables and it varies only slightly from one metal to another (within a 
factor of 2) (Hirsch and Mitchell, 1967; Kocks, 1966). For face-centred cubic polycrystals 
(Kocks and Mecking, 2003), Θh ≈ E/50. 
The second term Θr is the thermal component which describes the dynamic recovery 
rate. Θr is both strain-rate and temperature dependent and it accounts for any softening effects 
due to dislocation annihilation as temperature (T) increases and/or strain rate (ε̇) decreases. At 
the limit of the highest strain rate or lowest temperature, Θr approaches zero, and Θ = Θh. 
The modelling of Θ is not very well defined. Kocks and Mecking (2003) defined Θ as   
 
  Θ = Θh (1 −  σy/µr(ε̇,𝑇) σy0/µ0  )       (6) 
and r:  
 
                                                       r = {1-�( 1
g0
 k𝑇
µb3
 ln ε̇0
ε̇
) }2                                           (7) 
 
where σy0 is a mechanical threshold (<a> prismatic yield stress at 0 K); μ is the shear 
modulus, µ0 is the shear modulus at 0 K; g0 is an extrapolated value from Fig. 26 in (Kocks 
and Mecking, 2003) and has no identified physical meaning; k is the Boltzmann constant; b 
the magnitude of the Burgers vector of the dislocations and ε̇0 is a constant (Kocks and 
Mecking, 2003).  
Here, by combining Eqs. (6) and (7), Θ is calculated using 
 
                   Θ = Θh - Θh 
A
�1−�B 𝑇 ln� C
𝛆 ̇ ��2                                (8) 
 
where A, B, C are grouped constants made up of individual functional dependence: 
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            A = σy/µ
σy0/µ0               (9) 
            B = 1
g0
 k
µb3
                                                        (10)    
            C = ε̇0                                                               (11) 
 
and <a> prismatic yield stress, σy can be modelled as Eq. (12) as reported (Mecking and 
Kocks, 1981): 
  
           σy = σy0 ( ε̇ε̇0)n                                                             (12) 
 
where n is the temperature dependent exponent, n= k𝑇
µb3
.  
The straight lines (dashed) in Fig. 6 are the linear approximations of the experimental 
flow curves (solid) in stage III, which follow Eq. (4). The measured values of Θ and σy from 
two sets of data are summarised in Table 2.  
 
 
Fig. 6. Experimental flow curves (solid) of (a) AZ91 and (b) AE44 at strain rates 10-6-10-1 s-1 
are compared with best fit linear lines (dashed) according to Eq. (4). 
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Table 2. Parameters in Stage III: Θ (MPa) and σy (MPa) of best fit of Eq. (4) measured from 
experimental flow curves. 
 
?̇? 
AM40 AM60 AZ91 AE44 AE44-T5 
Θ 𝛔𝐲 Θ 𝛔𝐲 Θ 𝛔𝐲 Θ 𝛔𝐲 Θ 𝛔𝐲 
10-6 1299±27 127±0.4 1334±33 145±1.1 2264±84 180±3.4 1187±4.7 142±1.4 977±11 169±4.0 
10-5 - - - - - - 1400±19 145±1.0 1203±2.3 178±0.6 
10-4 1437±16 126±0.6 1479±9.6 148±1.9 2271±13 185±1.9 1606±16 151±1.3 1435±8.1 188±1.3 
10-3 - - - - - - 1645±5.7 156±1.3 1555±2.6 194±0.9 
10-2 1512±18 131±2.2 1509±0.1 147±0.6 2381±1.9 188±0.2 1693±31 162±0.5 1601±17 201±0.2 
10-1 - - 1512±32 150±1.2 2252±48 190±0.8 1776±18 165±1.4 1728±9.1 206±1.9 
 
Fig. 7 compares the measured Θ from Eq. (4) with the modelled Θ predicted from Eq. 
(8). The values of Θh which provide the lowest scatter for AM40, AM60, AZ91, AE44 and 
AE44-T5 are also shown and it is clear that they fall within the expected range of 1000-2000 
MPa (Cáceres and Blake, 2007) for AM40, AM60, AE44 and AE44-T5. AZ91, however, has 
a higher Θh of 2300 MPa. Overall, Eq. (8) describes the behaviour of Θ well.  
 
 
Fig. 7. The strain hardening rate, Θ in Stage III for present alloys at different strain rates. The 
solid filled symbol and dashed line indicate the measured Θ using Eq. (4) and the modelled Θ 
with Eq. (8), respectively. The values of Θh and constants A, B, and C for each alloy are 
shown.  
 
It is interesting to see that the optimum value of constant C which provides the lowest 
scatter is ~1010 s-1 for present die-cast alloys. For FCC metal, this value is ~107 s-1 determined 
by trial and error in (Kocks and Mecking, 2003). 
126 
 
To model σy, the temperature dependent exponent, n in Eq. (12) is first calculated. By 
using a Boltzmann constant, k of 1.38 x 10-23 m2 kg s-2 K-1, shear modulus, µ of Mg (17 GPa), 
the magnitude of the Burgers vector, b of magnesium (0.32 nm) (Callister and Rethwisch, 
2007) at room temperature T = 295.15 K, the temperature dependent exponent, n in Eq. (12) 
is calculated to be 0.0073. The n value correlates well with the literature data where n is 
reported to be 0-0.03 (Kocks and Mecking, 2003) within a strain-rate range of 10-4-100 s-1, at 
room temperature. 
Applying n of 0.0073 and ε̇0 of 4x10
10 s-1 (constant C in Fig. 7), σy is modelled and 
compared with measured σy from experimental flow curves as shown in Fig. 8. There is a 
good agreement between the measured σy and modelled σy, confirming the values of ε̇0 and 
n determined.  
 
 
Fig. 8. The <a> prismatic yield stress, σy of present alloys at different strain rates. The solid 
filled symbol and dashed line indicate σy measured from experimental flow curves using Eq. 
(4) and the modelled σy with Eq. (12), respectively. The value of σy0 (MPa) for each alloy is 
shown. 
 
3.4 Stage IV: <c+a> Pyramidal 
As deformation continues, the internal stresses are high enough to activate additional 
non-basal slip systems, which in Mg and alloys is <c+a> pyramidal slip (Agnew et al., 2001). 
Activation of an additional slip system allows dislocations piled-up at obstacles due to cross 
slip in the previous stage to escape, reducing the internal-strain field. This process is called 
dynamic recovery, and strain hardening decreases until fracture occurs (Yang et al., 2012b). 
This stage is also more sensitive to strain rate and temperature than Stage III (<a> prismatic 
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slip-dominated stage), and may limit the extent of Stage III deformation, especially at low 
strain rates or high temperatures when <c+a> pyramidal slip activates early (Dieter, 1988). 
The stress-strain curve in this stage has been reported to follow Hollomon’s equation: a 
power-law relationship between stress and amount of <c+a> pyramidal strain (Agnew and 
Duygulu, 2005; Hollomon, 1945; Kleemola and Nieminen, 1974): 
 
           σ = KIV εIVnIV                                                            (13) 
 
where εIV is the Stage IV strain or <c+a> pyramidal strain, KIV is the strength 
coefficient and nIV is the strain hardening exponent in Stage IV.  
Fig. 9 compares the experimental (solid) and best fit (dashed) stress-strain curve of 
Stage IV; the parameters KIV and nIV from two sets of data are summarised in Table 3. It is 
clear that Eq. (13) can describe this part of the flow curve reasonably well. It is also 
interesting to see that <c+a> pyramidal slip starts to dominate above an applied stress of ~ 
200 MPa for both AZ91 and AE44; slightly higher with increasing strain rates. Below 200 
MPa, <c+a> pyramidal strain, εIV is insignificant. It is also observed that AZ91 has 
considerably less total <c+a> pyramidal strain as compared to AE44 (the scale on the x-axis 
of AZ91 is smaller). This is because AZ91 fractures early before <c+a> pyramidal strain 
becomes too extensive.  
 
 
Fig. 9. Experimental (solid) and best fit (dashed) stress-strain curve of Stage IV for (a) AZ91 
and (b) AE44. Note the different scales on the x-axis between the two alloys. 
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Table 3. Parameters in Stage IV: KIV (MPa) and nIV of best fit of Eq. (13). 
 
?̇? 
AM40 AM60 AZ91 AE44 AE44-T5 
KIV nIV (10-3) KIV nIV (10-3) KIV nIV (10-3) KIV nIV (10-3) KIV nIV (10-3) 
10-6 373±1.6 106±0.8 396±1.4 97±2.7 363±0.6 76±3.3 347±1.3 101±0.8 334±4.0 73±0.4 
10-5 - - - - - - 366±2.4 92±1.6 361±0.5 68±0.2 
10-4 376±3.6 96±2.3 399±3.2 85±0.5 415±0.0 97±0.0 377±1.0 85±1.1 385±1.2 63±0.2 
10-3 - - - - - - 389±5.1 81±1.2 394±0.7 59±0.0 
10-2 379±5.6 95±0.8 382±0.9 79±0.9 410±0.0 93±0.0 384±2.3 72±1.6 399±2.6 55±0.5 
10-1 - - 378±1.1 74±0.4 422±8.3 94±3.2 389±1.7 68±0.0 402±0.0 51±0.6 
 
The parameters KIV and nIV from Eq. (13) can be further defined in the form of Ludwik’s 
empirical equation (Ludwik, 1909) as shown in Eq. (14) or Hollomon’s equation (Hollomon, 
1945) in Eq. (15):  
 
                                                 KIV or nIV = a [1-b ε̇c ]                                                          (14) 
 
                                                 KIV or nIV = d ε̇f                                                                    (15) 
 
where a, b, c, d and f are constants. To find out which model is valid for present die-cast 
alloys, both Ludwik’s and Hollomon’s constitutive models are compared with the measured 
KIV and nIV obtained from best fit of Eq. (13) (Table 3), as shown in Fig. 10 for AE44.  
 
 
Fig. 10. Comparison of Ludwik’s and Hollomon’s models with KIV and nIV of best fit of Eq. 
(13).  
 
Ludwik’s model provides a slightly better fit with higher correlation to the measured 
KIV compared to Hollomon’s model. For determining nIV, however, both Ludwik’s and 
Hollomon’s model are acceptable, therefore, Hollomon’s model is selected to determined nIV 
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in this study due to its simplicity as compared to Ludwik’s. Using Ludwik’s model for KIV 
and Hollomon’s model for nIV, the values of constants are summarised in Table 4 for present 
die-cast alloys. Overall, Ludwik’s model provides a good fit for KIV while Hollomon’s 
models the nIV well for the present die-cast alloys.  
 
Table 4. The values of constants a, b, c, d and f from Eqs. (14) and (15). 
 
Alloy KIV=a [1-b ?̇?
𝐜 ] nIV = d ?̇?𝐟 
a b c d f 
AM40 385 0.011 -0.069 0.088 -0.0128 
AM60 400 0.095 0.212 0.070 -0.0230 
AZ91 110 -2.926 0.014 0.099 0.0163 
AE44 391 0.003 -0.261 0.063 -0.0343 
AE44-T5 408 0.007 -0.232 0.047 -0.0316 
 
3.5 Complete Stress-Strain Curve 
To verify the validity of the modelling equations suggested for each stage, Eqs. (1), (3), 
(4) and (13) are combined and total strain, εt can be defined as Eq. (16) to model the 
complete stress-strain curve as shown in Fig. 11. It is clear that there is a good agreement 
between experimental (coloured) and modelled stress-strain curves (black) for all the alloys. 
 
                                                        εt = 
σ
E
 + σ
KII
1
nII + σ−σy Θ  + σKIV 1nIV                                         (16) 
 
130 
 
 Fig. 11. Comparison of experimental (coloured) and modelled (black) stress-strain curves of 
(a) AM40, (b) AM60, (c) AZ91, (d) AE44, and (e) AE44-T5 at wide strain-rate range 10-6-10-
1 s-1. 
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4. Discussion 
 
4.1 Strain-rate Sensitivity at Different Stages 
The results show that some stages of the stress-strain curve, such as Stages III and IV 
are more strain-rate sensitive. The change in strain-rate sensitivity is also greater in alloys 
with lower Al contents in solid solution, for example AE44. The discussion will now consider 
how the underlying deformation mechanisms affect the deformation behaviour in these 
stages. 
Both Stages I and II are strain-rate insensitive. In Stage II, this is supported by the large 
statistical deviation of KII in Table 1, probably resulting from experimental variation for a 
given strain rate. In this study, the dominant deformation mechanisms in Stage II are 
attributed to <a> basal slip and twinning. One piece of evidence to support this is that the 
critical resolved shear stress (CRSS) of <a> basal slip and twinning are known to be strain-
rate independent (Barnett, 2003; Bettles and Barnett, 2012; Ma et al., 2013; Meyers et al., 
2001; Ulacia et al., 2010), and this leads to the strain-rate insensitivity in this stage.  While 
KII is strain-rate independent, it is alloy dependent. KII is connected to the interaction of 
dislocations with obstacles and is expected to increase with increasing solute content (Máthis 
et al., 2004). In Table 1, it is clear that among the Mg-Al based alloys AM40, AM60 and 
AZ91 without RE addition, AZ91 consistently shows the highest KII due to its high Al solute 
concentrations. For alloys with RE addition, the KII values of as-cast AE44 are higher than 
AE44-T5 for a given strain rate. AE44-T5 has lower Al solute in solution but it also contains 
nanoscale Al-Mn particles as a result of precipitation (Zhu et al., 2016). It is not known why 
AE44-T5 with precipitates has lower value of KII compared to AE44. Further investigation is 
required. The nII values which measure the ability of a metal to strain harden are also quite 
consistent between strain rates and alloys, and can range from 0.19-0.37. 
Both Stages III and IV are more strain-rate sensitive in AE44 and AE44-T5 as compared 
to AM40, AM60 and AZ91 (Fig. 11). The dominant deformation mechanism in Stages III 
and IV are ascribed to <a> prismatic slip and <c+a> pyramidal slip, respectively. The CRSS 
of <a> prismatic and <c+a> pyramidal slip are known to be strain-rate sensitive (Ma et al., 
2013; Ulacia et al., 2010), and this further supports the notion that it is the presence of these 
deformation mechanisms that leads to the strain-rate sensitivity in AE44 and AE44-T5. In 
contrast, the AM and AZ alloys have higher Al solute concentration and Al solute has been 
reported to impede slip, lowering the strain-rate sensitivity in Stages III and IV due to the 
dynamic strain ageing effect (Ang et al., 2017b). 
Note that the notion of different deformation mechanisms dominating in the four 
deformation stages was mainly generated from the results reported in literature which show 
that the deformation first occurred by <a> basal slip and twinning followed by <a> prismatic 
and <c+a> pyramidal slip in Mg and alloys (Agnew et al., 2003; Yang et al., 2012a; Yang et 
al., 2012b). Microscopy analysis is not included in the present study due to the challenges in 
obtaining a single type of dislocation system under TEM. 
 
4.2 The Delayed Saturation of Anelasticity in AZ91 
Both AE44-T5 and AZ91 are high-strength alloys, but anelasticity in Stage II in AZ91 
saturates at a higher εIII (0.0015) as shown in Fig. 4. As previously reported (Ang et al., 
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2017a), an effect of Al at high concentrations such as 9 wt.% in AZ91 is to delay the onset of 
<a> prismatic slip (Stage III). A delay in the onset of Stage III will extend Stage II and more 
twinning is necessary to accommodate the deformation, so the anelasticity saturates at higher 
εIII. 
The intergranular percolating network of eutectic Mg17Al12 may also have a measurable 
effect on the alloy’s Stage II deformation. In a highly concentrated alloy such as AZ91, the 
percolating intermetallic is not only abundant, but also fully interconnected, and this further 
increases the strain hardening effect, but reduces the ductility due to the increased tendency 
of crack propagation through the interconnected micro-trusses in AZ91 (Zhang et al., 2013; 
Zhang et al., 2014). It is likely that the micro-trusses in AZ91 fail at εIII of approximately 
0.01 as suggested by (Zhang et al., 2013), which contributes an additional strain of 0.005, 
making up the strain of 0.015 when anelasticity saturates. In contrast, dilute alloys such as 
AM40 and AM60 are less likely to be affected by the micro-truss failure in Stage II due to a 
reduced interconnection of the percolating network. Ternary Mg-Al-RE alloy AE44 consists 
of a different type of Al-RE intermetallics and further investigation is required to understand 
the micro-trusses’ strain to failure in this alloy. 
 
4.3 Athermal and Thermal Components in Stage III 
The strain hardening rate, Θ in Stage III is made up of two components: athermal 
component Θh and thermal component Θr. In the event at the limit of the highest strain rate or 
lowest temperature, when Θr (softening effect) becomes negligible, Θ=Θh. It has previously 
been assumed that Θr is negligible in Stage III (Cáceres and Blake, 2007; Yang et al., 2012a; 
Yang et al., 2012b) and it becomes significant only in Stage IV when dynamic recovery 
occurs. However, it is clear now from Fig. 7 which shows some Θr effect, especially for 
AM40, AM60, AE44 and AE44-T5. The Θr effect is less in AZ91 in Stage III, presumably 
due to its high Al solute concentration and fully interconnected percolating intermetallic 
network which make dislocation annihilation difficult. This also explains the high Θh in 
AZ91. 
 
4.4 Model Limitations 
While the proposed Eq. (16) provides a good fit to the experimental stress-strain data as 
shown in Fig. 11, there is a slight discrepancy from the experimental data for AZ91 in the 
Stage II-III transition region (around the “knee” of the stress-strain curve) as shown in Fig. 
12. 
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 Fig. 12. Enlarged stress-strain curve in the Stage II-III transition region for the present die-
cast alloys.  
 
For the as-cast AM40, AE44 and T5-aged AE44, there appears a protuberance (bump) 
in the Stage II-III transition region, which has a lower strain hardening rate. In comparison, a 
higher strain hardening rate is noted in the Stage II-III transition for AM60, even higher for 
AZ91. AM40 and AE44 have low Al contents in solid solution and they are considered to be 
dilute alloys while AM60 and especially AZ91 are more concentrated alloys. 
The observed discrepancy between the experimental and the proposed model in AZ91 
could be due to two factors: a high Al solute concentration and a fully interconnected 
percolating intermetallic network. Firstly, a high Al concentration of  9 wt.% in AZ91 has 
been shown to result in solid solution hardening of <a> prismatic slip planes (Ang et al., 
2017a; Nagarajan et al., 2017), delaying the activation of <a> prismatic slip. The delayed 
onset of <a> prismatic slip increases the tendency for twinning to occur, which is supported 
by the fact that there is a higher twinned area fraction (Ang et al., 2017b) and a larger 
maximum anelasticity (Fig. 2) in AZ91. Secondly, the fully interconnected percolating 
network (Zhang et al., 2013; Zhang et al., 2014) may also impede <a> prismatic slip, 
resulting in a higher strain hardening rate in the Stage II-III transition region. As the 
intermetallic network impedes slip, it becomes more highly stressed, leading to earlier 
fracture. Both of these phenomena could result in a more gradual Stage II-III transition. Since 
the proposed model (Eq. 16) assumes an abrupt saturation of Stage II at a pre-determined εIII, 
the gradual Stage II-III transition in AZ91 due to the high Al content and intermetallic 
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network would affect the applicability of Eq. (16). Overall, Eq. (16) can well predict the 
deformation behaviour of high-pressure die-cast magnesium alloys, but care should be taken 
when modelling more concentrated alloys.  
 
 
5. Conclusions 
 
The tensile deformation behaviour of commercial high-pressure die-cast magnesium-
aluminium based alloys has been studied and modelled. The following conclusions are drawn 
from this study: 
1) The stress-strain curve can be separated into four stages. Stage I is the elastic region. 
Stage II is <a> basal slip and twinning dominated, while Stages III and IV are <a> 
prismatic slip and <c+a> pyramidal slip dominated, respectively. 
2) The four deformation stages of stress-strain curve are modelled by semi-empirical 
constitutive equations. Stages I and III exhibit a linear strain hardening region and 
can be described by a simple linear equation while Stages II and IV exhibit a power 
relationship of stress and strain and are described by Hollomon’s equation. These 
equations are combined to model the entire stress-strain curve. 
3) Stages I and II are observed to be strain-rate insensitive while Stages III and IV 
exhibit high strain-rate sensitivity in alloys with lower aluminium contents in solid 
solution. This is attributed to the strain-rate sensitivity of the different deformation 
mechanisms. The reduced strain-rate sensitivity in Stages III and IV in alloys with 
higher aluminium contents in solid solution is attributed to the dynamic strain ageing 
effect. 
4) Overall, the proposed model provides a good fit to the experimental stress-strain 
curve for most of the alloys, but there were some difficulties in exactly fitting the 
Stage II-III transition region in AZ91 alloy. This is because AZ91 has a higher strain 
hardening rate in the Stage II-III transition as compared to AM40 and AE44. The 
high strain hardening rate in AZ91 is likely due to the gradual onset of stage III, an 
effect of high aluminium concentration and the fully interconnected percolating 
network in AZ91. 
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Chapter 8 
Conclusions & Recommendations 
 
8.1 Conclusions 
 
This research was originated from the increasing interest in the use of high-pressure 
die-cast magnesium alloys in structural applications. Structural alloys must have good 
combinations of high room-temperature strength and high ductility. Improved mechanical 
properties are necessary for energy absorption in vehicle crash situations and for 
manufacturing processes, such as self-piercing riveting. Understanding the deformation 
behaviour of existing commercial die-cast magnesium alloys AM40 (Mg-4Al-0.3Mn), AM60 
(Mg-6Al-0.3Mn), AZ91 (Mg-9Al-1Zn) and AE44 (Mg-4Al-4RE) is important in the future 
development of improved structural alloys. 
The hexagonal closed-packed crystal structure of magnesium alloys further leads to a 
complex progression of deformation mechanisms at room temperature. The <a> basal slip 
system activates at low stresses and strains, and it does not provide sufficient independent 
slip systems to satisfy the von Mises-Taylor criterion. To further complicate the deformation 
behaviour, the non-basal slip (<a> prismatic and <c+a> pyramidal) systems only activate at 
higher stresses at room temperature. This results in profuse twinning to accommodate plastic 
deformation and satisfy the von Mises-Taylor criterion. However, the twins formed in 
magnesium alloys are unstable under loading, and they can partially revert during unloading, 
consequently a large part of the non-linear deformation is reversible at low stresses and 
strains, resulting in three deformation regions: elastic, anelastic and plastic.  
This research has presented a comprehensive study on the complexity of the 
deformation behaviour of commercial die-cast magnesium-aluminium based alloys, 
specifically on the influences of strain rate (important for structural applications) and 
aluminium content (main alloying element in these commercial alloys) by answering the four 
research questions, as illustrated in Figure 8.1. The key findings of the four studies are 
summarised in Sections 8.1.1-8.1.4. 
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Figure 8.1: Research questions of the four studies in this thesis. 
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8.1.1 Study 1: Proof Stress Measurement  
 
Studies of magnesium alloys showed a wide range of measured proof stress values even 
for the same alloy. This creates difficulty in comparing alloy’s properties for engineering 
applications. In this study, the proof stress determination methods specified in ISO and 
ASTM standards were reviewed. Early activation of <a> basal slip and twinning complicated 
the conventional proof stress measurement method and a higher offset strain of 0.45% was 
required to achieve 0.2% permanent plastic strain in proof stress measurement of fine-grained 
(< 10 μm) high-pressure die-cast magnesium alloys (Figure 8.1 (a)). The proposed proof 
stress measurement method also provided a smaller range of proof stress values for the same 
alloy compared to the conventional 0.2% offset strain method, and hence, a more consistent 
measurement. This new approach further led to the construction of a conversion chart which 
can now be used to determine an appropriate offset strain for proof stress measurement for a 
range of magnesium alloys. This study provided insights into the effects of <a> basal slip and 
twinning on the proof stress of magnesium and alloys. 
 
8.1.2 Study 2: Strain-rate Sensitivity  
 
This study investigated the deformation behaviour of commercial die-cast magnesium 
alloys AM40, AM60, AZ91 and AE44 with various aluminium contents at strain rates 10-6-
10-1 s-1. Understanding the strain-rate sensitivity is important towards improving the alloy’s 
properties for structural applications. In this study, alloys with lower aluminium contents 
exhibited higher strain-rate sensitivity, and strain-rate sensitivity decreased with increasing 
aluminium solute level in the α-magnesium matrix (Figure 8.1 (b)) rather than the overall 
aluminium content in the alloy. The decreased strain-rate sensitivity with increasing 
aluminium contents in solid solution was reported to be related to dynamic strain ageing from 
the interactions between the aluminium solute and dislocations and this has not been 
previously identified. The high strain-rate sensitivity observed in alloys with lower 
aluminium contents in solid solution (AE44) was manifest in the <a> prismatic and <c+a> 
pyramidal slip-dominated regions, and there was an increase in work hardening and 
tensile/yield ratio. This suggested that the performance of magnesium alloy AE44 in terms of 
energy absorption can improve at higher strain rates, and this is beneficial for structural 
applications. 
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8.1.3 Study 3: Elastic, Anelastic and Plastic Deformations  
 
The main objectives of this study were to determine the contributions of elasticity, 
anelasticity (reversible twinning) and plasticity (<a> basal slip and <a> prismatic slip) and to 
study their dependences on strain rate and aluminium solute level. The key findings of this 
study are: 
(a) Anelasticity was observed to be strain-rate insensitive in the <a> basal slip and 
twinning-dominated region and strain-rate sensitive in the <a> prismatic slip-
dominated region (Figure 8.1 (c)), especially for alloys with lower aluminium in 
solid solution. This was attributed to the strain-rate insensitivity of <a> basal slip 
and twinning and high strain-rate sensitivity of <a> prismatic slip. This suggested 
that anelasticity, which is attributed to reversible twinning, can also be influenced 
by slip. Overall, it was the strain-rate sensitivity of plasticity by <a> prismatic slip 
that led to a variation in maximum anelasticity with strain rate, whilst anelasticity 
itself was strain-rate insensitive.  
(b) AZ91, which has the most aluminium in solution, exhibited the largest maximum 
anelasticity (Figure 8.1 (c)). Increasing the aluminium concentrations resulted in 
solid solution hardening in all slip systems (but not twinning), consequently plastic 
deformation by <a> basal slip and <a> prismatic slip became more difficult, leading 
to an increased amount of twinning and anelasticity.  
(c) Presence of precipitates in aged AE44-T5 was reported to harden not only <a> basal 
and <a> prismatic slip, but also suppress twinning, lowering the anelasticity in 
comparison with as-cast AE44. 
 
8.1.4 Study 4: Constitutive Modelling 
 
Applying the knowledge from previous chapters, this study further divided the elastic, 
anelastic and plastic deformations into four stages of deformation: elastic (stage I); <a> basal 
slip and twinning (stage II); <a> prismatic slip (stage III); and <c+a> pyramidal slip (stage 
IV) as shown in Figure 8.1 (d). These stages of deformation were modelled with constitutive 
equations. Overall, the proposed consitutive model provided a good fit to the experimental 
stress-strain curve for most of the alloys, but it slightly overestimated the stress in the stage 
II-III transition region in the AZ91 alloy. This slight discrepancy was attributed to the 
delayed onset of <a> prismatic slip in stage III, an effect of the high aluminium concentration 
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and fully interconnected percolating network, leading to a higher strain hardening rate during 
the stage II-III transition in AZ91.  
Overall, this research demonstrates that magnesium and alloys have a complex 
progression of deformation mechanisms due to the hexagonal closed-packed crystal structure. 
Within the elastic, anelastic and plastic deformations, deformation mode begins from elastic 
(stage I) to <a> basal slip and twinning (stage II) to <a> prismatic slip (stage III) and finally 
to <c+a> pyramidal slip (stage IV). Decomposition of stress-strain curve into these different 
stages has provided insights into: 
1) the improved measurement of proof stress; 
2) the role of aluminium solute in moderating strain-rate sensitivity; 
3) the interactions of slip and twinning deformation systems to understand maximum 
anelasticity; 
4) the contributions of different slip and twinning deformation mechanisms to the 
overall deformation behaviour of die-cast magnesium alloys. 
The outcomes of this research have provided significant contributions to the 
fundamental understanding of the deformation mechanisms in die-cast magnesium alloys and 
will provide the foundation for future development of improved structural alloys. 
 
8.2 Research Implications 
 
Mechanical properties are important factors to consider during the process of materials 
selection for a particular design. To date, aluminium castings are favoured over magnesium 
castings, especially for applications in automotive and aerospace industries, mainly due to 
their availability and recyclability. In this research, presence of non-linear reversible 
(anelastic) deformation in magnesium alloys shows that a higher stress level is required to 
achieve the 0.2% permanent plastic strain. The improved understanding of magnesium 
yielding behaviour from this research may give magnesium castings an advantage over 
aluminium castings for engineering applications. Therefore, the tensile properties of some of 
the most frequently used magnesium and aluminium casting alloys are compared in Figure 
8.2. 
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Figure 8.2: Comparison of (a) proof stress and (b) % elongation to fracture of magnesium and 
aluminium casting alloys. The proof stress of magnesium alloys is measured by the 0.45% 
offset method while the proof stress of aluminium alloys is measured by the conventional 
0.2% offset method. Data of magnesium alloy AM30 [1] and aluminium alloys [2-5] are 
taken from the literature. 
 
The proof stress of magnesium alloys AE44 and AM60 are now comparable with that 
of aluminium alloys A356, A357 and A383 with the T5-aged AE44 performing best, 
exceeding the proof stress of A380. The ductility (% elongation to fracture) of magnesium 
alloys (except AZ91) is also far superior to that of aluminium alloys. The improved proof 
stress measurement may have an impact on future materials selection as it shows that 
magnesium casting alloys on a strength-ductility basis are superior to aluminium casting 
alloys. 
Among the commercially available magnesium alloys AM40, AM60, AZ91 and AE44, 
AE44 also has a better combination of strength and ductility. Interestingly, an additional T5 
heat treatment (200 °C for 32 h) on AE44 results in a significant improvement in strength 
without a loss in ductility. Both AE44 and AE44-T5 have very low aluminium solute in the 
α-magnesium matrix and they exhibit higher strain-rate sensitivity compared to other alloys. 
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Their high strain-rate sensitivity is manifest in the <a> prismatic and <c+a> pyramidal slip-
dominated regions, resulting in an increase in work hardening and tensile-yield ratio. 
Whilst steels (i.e. low carbon steels) are also sensitive to strain rate, their form of strain-
rate sensitivity is different from that of magnesium alloys [6]. They exhibit a distinct yield 
point during deformation, usually followed by a drop in load then work hardening. As the 
strain rate increases, the yield point increases such that it exceeds the post yielding tensile 
strength. Therefore, the high strain rates in low carbon steels reduce the tensile-yield ratio. 
This lack of effective work hardening in steels can result in strain localisation and poor 
energy absorption at strain rates typical of vehicle impact. 
The absence of a distinct yield point and the increase in work hardening and tensile-
yield ratio in magnesium alloys with lower aluminium contents in solid solution suggest that 
energy absorption can be improved and significant benefit can be obtained by applying 
magnesium alloys, such as AE44 and AE44-T5 to structural applications. 
In addition, AE44-T5 may also have good fatigue properties. Based on the constitutive 
model proposed in this research, the stress-strain curve is decomposed into elastic and non-
elastic fractions as shown in Figure 8.3. It is observed that AE44-T5 has a higher elastic 
fraction at low strains. 
 
 
 
Figure 8.3: Fractions of (a) elastic and (b) anelastic + plastic for present die-cast magnesium 
alloys. 
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Although the conditions in fatigue are different in which cyclic stresses and strains are 
involved, a large fraction of non-elastic strain (anelastic and plastic) is likely to be 
detrimental to fatigue life. To sum up, the findings of this research have advanced the 
understanding of the mechanical properties and deformation behaviour of die-cast 
magnesium alloys. 
 
8.3 Recommendations for Future Research 
 
Whilst this research offers some new perceptions on the complex progression of 
deformation mechanisms of die-cast magnesium alloys, it has also identified a number of 
further questions. Based on the findings of the four studies, the following recommendations 
are made for future investigations. 
 
Future work based on study 1: A common theme throughout this thesis is that magnesium 
alloys undergo a series of deformation stages, going from elastic (stage I) to <a> basal slip 
and twinning (stage II), to <a> prismatic slip (stage III) and finally <c+a> pyramidal slip 
(stage IV). The traditional meaning of yield strength has been a measure of the transition 
from elastic to plastic deformation but in the case of magnesium alloys presence of stage II 
deformation makes this ambiguous. This is because stage II consists of large fraction of non-
linear reversible deformation with little permanent plastic deformation. Current standardised 
methods of using a 0.2% offset strain gives a stress value in stage II which is not meaningful 
before extensive plasticity occurs. A higher offset strain such as 0.45% (proposed in study 1 
of this thesis) gives a better measure of the activation of <a> prismatic slip. Further work is 
needed to revise the ISO [7] and ASTM [8] standards in order to establish a more meaningful 
measure of yield stress for magnesium and its alloys. 
 
Future work based on study 2: Magnesium is intrinsically strain-rate sensitive [9] due to 
the limited number of easily activated slip systems (only two independent basal slip 
directions), and the need to engage other slip systems (i.e. <a> prismatic and <c+a> 
pyramidal) with significant activation barriers for extensive deformation. At the strain rates 
studied in the present work (10-6-10-1 s-1), strain-rate sensitivity is apparent in magnesium 
alloys with lower aluminium contents in solid solution. In alloys with increased aluminium in 
solid solution, the intrinsic strain-rate sensitivity is masked by the effect of dynamic strain 
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ageing. Important research questions remain about the deformation behaviour outside the 
studied strain rates, in particular at high strain rates. The strain-rate sensitivity of alloys with 
low aluminium contents in solid solution seems to diminish at higher strain rates. Future 
work is required to determine if the strain-rate sensitivity drops to zero in the transition 
region towards dynamic strain rates. In the case of alloys with high aluminium contents in 
solid solution, it is also unclear whether the strain-rate sensitivity remains low at higher strain 
rates. These questions are particularly relevant to practical requirements such as crash 
behaviour and joining processes. 
 
Future work based on study 3: For the first time, the anelasticity of a range of commercial 
high-pressure die-cast magnesium alloys has been studied. An interesting observation from 
this study comes from the comparison of a T5-aged AE44 with as-cast AE44. The effect of 
heat treatment on the anelasticity has not been studied until now, and there are more 
questions to be answered. In T5-aged AE44, the activation of anelasticity is shifted to higher 
stress levels. This is possibly due to the presence of nanoscale aluminum-manganese 
precipitates [10] suppresing the <a> basal slip. Further work is required to understand the 
mechanisms involved. More concrete evidence by transmission electron microscopy (TEM) 
to show the interactions of precipitates with slip and twinning would be useful. The 
anelasticity is also sensitive to the grain size [11-13] and alloy composition [11, 14, 15], but 
these studies on the effects of grain size and solute concentrations [11, 12, 14] mostly 
covered sand-cast and mold-cast alloys. The wide range of grain sizes in these alloys made 
the investigation on the solute dependence of anelasticity difficult. A more systematic study 
on the effect solute concentrations is required. Anelastic behaviour is important to properties 
such as sound dampening, yield strength and potentially fatigue strength; therefore, it is 
important to further study the effect of these microstructural parameters. 
 
Future work based on study 4: The proposed constitutive model can well predict the 
deformation behaviour of the more dilute die-cast magnesium alloys, but it has a slightly 
poorer fit for the more concentrated AZ91 alloy. This is attributed to the higher strain 
hardening rate in AZ91, likely due to the high aluminium concentration and fully 
interconnected percolating network in AZ91. Yang et al.[16] has developed a theoretical 
model to calculate the overall strength of similar die-cast magnesium-aluminium based alloys 
by accounting for the contributions of Hall-Petch, solid solution and dispersion-strengthening 
mechanisms. Therefore, future work could incorporate their model and the effects of 
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microstructural features, such as grain size, eutectic morphology and intermetallic volume 
fraction into the modelling. 
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Appendix A. Conference Papers 
 
The following pages contain the published conference papers based on the results of this 
research.  
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Abstract  —  The proof stress determination methods specified 
in ISO 6892-1 [1] are reviewed and discussed. Method 1 
underestimates the 0.2% proof stress of magnesium alloys 
without considering the pseudo-elastic effect. Method 2 can 
accurately determine the 0.2% proof stress of magnesium alloys, 
but this method involves complex loading-unloading tests. 
Method 3 provides inconsistent proof stress values depending on 
the unloading stress. Inconsistencies in measured proof stress 
were found between and within these methods. Thus, the 0.2% 
proof stress measurement methods specified in ISO standard [1] 
analysis procedure needs to be re-evaluated. 
Keywords: Magnesium, Measurement, Proof Stress. 
I. INTRODUCTION  
Tensile testing is one of the most commonly used methods 
to assess material properties.  The key tensile properties 
include: elastic modulus, yield or 0.2% proof stress, tensile 
strength and elongation to failure.  The tensile strength and 
elongation to failure are unambiguous and can be readily 
determined.  Yield strength is used for materials with clear 
yielding phenomena such as plain carbon steel, for other 
materials the stress level required to impart 0.2% permanent 
strain is used to obtain proof strength where the yield strength 
is difficult to define definitely. 
The determination of an elastic modulus value rests on the 
assumption that elastic behaviour is linear.   Magnesium and 
its alloys violate this assumption and exhibit pseudo-elastic or 
non-linear reversible strain which has been identified in AE44 
and AM60B [2], AZ91 [3] and Mg and Mg-Zn alloys [4].   
Consequently, there is no single value for the elastic modulus 
of magnesium.  The values often quoted for magnesium alloys 
represent the limit of elastic modulus as the stress and strain 
increments approach zero.  The variable elastic modulus leads 
immediately to ambiguities in proof stress determination.  The 
permanent plastic strain can only be determined from a 
monotonic stress-strain curve if the elastic strain can be 
determined and subtracted.   With linear elastic strain this is 
straightforward but with non-linear elastic strain it is only 
possible if the elastic behaviour is fully characterised. 
Scientific exchange rests on agreed standards for the 
measurement of properties.  In the case of tensile testing 
standards (for example ISO 6892-1 [1]) at least three methods 
 
are presented for proof strength determination applicable to 
magnesium.  The three methods are summarised as follows: 
 
 
       
  
Fig. 1.      Proof stress measurement (a) method 1, (b) method 2 
and (c) method 3 specified in ISO 6892-1 standard [1]. 
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1. Assumption of linear elastic behaviour with the 
elastic modulus estimated from the low strain and 
stress regions of a monotonic stress-strain curve as 
shown in Fig. 1(a). 
2. Repeated loading and unloading to directly determine 
the load required to impart 0.2% permanent plastic 
deformation (shown in Fig. 1(b)). 
3. Partial unloading once an arbitrary stress level is 
reached to obtain an alternative elastic modulus value 
to that obtained in method 1 (illustrated in Fig. 1(c)).     
Inconsistencies between and within these methods frustrate 
attempts to investigate alloy properties.  In this paper, three 
Mg die cast alloys, AM60, AZ91 and AE44 are tested 
according to the methods of ISO 6892-1 [1] and the 
magnitudes of inconsistencies determined. 
II. MATERIALS AND EXPERIMENTAL DETAILS 
A. Materials 
Commercial alloys, AE44, AM60 and AZ91 were high 
pressure die cast in a 250 ton cold chamber machine. More 
details about the casting parameters can be found in [5, 6]. The 
chemical compositions in wt.% of these three alloys are listed 
in Table I. The study was carried out using cast-to-shape 
cylindrical cross section, dog-bone shaped tensile specimens 
of gauge diameter 5.6 mm and gauge length 35 mm.  
 
TABLE I 
CHEMICAL COMPOSITIONS OF THE STUDIED ALLOYS (WT.%). 
Alloys Al RE Zn Mn Mg 
AE44 3.97 3.76 <0.01 0.18 Bal. 
AM60 6.26 / 0.1 0.29 Bal. 
AZ91 8.88 / 0.74 0.19 Bal. 
 
B. Mechanical Testing 
Both monotonic (method 1) and cyclic tension loading-
unloading tests (methods 2 and 3) were performed on an 
Instron 5569 Universal Testing Machine (UTS) with a 50 kN 
load cell at room temperature using a crosshead speed of 5 
mm/min. Four repeats were performed per alloy composition. 
For method 2, the loading-unloading tests were strain-
controlled, unloading at predetermined strains to 0.25 MPa. 
For method 3, the loading-unloading tests were stress-
controlled, unloading at predetermined stress to 10% of the 
stress obtained. A 25 mm gauge length extensometer was 
attached to the specimen’s gauge length and digital output 
files of the flow curves were converted to stress-strain.  
III. RESULTS 
A. Proof Stress Measurement based on Method 1 
The engineering stress-strain curves of AE44, AM60 and 
AZ91 are shown in Fig. 2. It is clear that the linear elastic 
behavior applies only up to about 20 MPa for all three alloys, 
where the elastic modulus of Mg alloys, E=45 GPa [7] is 
measured. 
The relatively small elastic region makes elastic modulus 
determination difficult; elastic modulus decreases with 
increasing stress level used for modulus determination. As 
shown in Fig. 3, the elastic modulus is 45 GPa when it is 
estimated from low stress region at 20 MPa; the elastic 
modulus decreases to 38 GPa when it is estimated from higher 
stress region at 60 MPa for AE44. The inconsistency in elastic 
modulus used has led to a wide range of proof stress values 
reported in literature. For instance, offsetting a lower elastic 
modulus to 0.2% strain would tilt the offset line forward, 
leading to higher proof stress value and vice versa (as 
illustrated in Fig. 3).  
 
 
Fig. 2.   Tensile curves of cast AE44, AM60 and AZ91 showing 
respectively proof stress values measured by method 1[1]. 
 
 
Fig. 3.   Variations in elastic moduli used leading to different proof 
stress values obtained for cast AE44.  
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Here, the proof stress values measured by method 1 through 
offsetting a constant elastic modulus of 45 GPa [8] to 0.2% 
strain are summarized in Table II for cast AE44, AM60 and 
AZ91.  
 
 
 
TABLE II 
0.2% PROOF STRESS VALUES, σy (MPA) MEASURED BY METHOD 1.  
Mg Alloys 
σy (MPa) based on Method 1 
(shown in Fig. 2) 
AE44 124 
AM60 118 
AZ91 154 
 
B. Proof Stress Measurement based on Method 2 
Based on method 2, a line should be drawn across hysteresis 
loop unloaded to 0.2% plastic strain. The point at which this 
line intersects the curve gives the 0.2% proof stress. However, 
it is often difficult to pre-determine the applied strain and 
stress which would unload to 0.2% plastic strain due to the 
uneven hysteresis loops. Hence, each test was unloaded and 
reloaded a couple of times, as indicated by the hysteresis loops 
formed as shown in Fig. 4 for cast AE44. Similar hysteresis 
loops were observed for cast AM60 and AZ91. A series of 
secant elastic moduli are also defined in Fig. 4.  
Here, the hysteresis loops still did not unload to 0.2% strain 
after several loading-unloading cycles. Hence, 0.2% proof 
stress is measured by a secant elastic modulus (as indicated by 
dotted line in Fig. 4), interpolated from elastic moduli drawn 
across hysteresis loops unloading to strains before and after 
0.2%. The 0.2% proof stress values and the interpolated secant 
elastic moduli at 0.2% strain in method 2 for the three alloys 
are summarised in Table III. 
 
TABLE III 
0.2% PROOF STRESS VALUES, σy (MPA) AND INTERPOLATED SECANT ELASTIC 
MODULI USED IN METHOD 2.  
Mg Alloys σy (MPa)  
Interpolated Secant Elastic 
Modulus at 0.2% Strain (GPa) 
AE44 157 23.5 
AM60 142 23.9 
AZ91 182 26.4 
 
Generally, secant elastic modulus decreases with increasing 
residual plastic strain and is similar for all alloys tested. The 
relationship of secant elastic modulus and residual plastic 
strain is shown in Fig. 5 for cast AE44, AM60, and AZ91. 
 
 
Fig. 4.   Cyclic stress-strain curve of cast AE44 showing proof 
stress measured by method 2 [1]. 
 
 
Fig. 5.   Secant elastic modulus (defined in Fig. 4) as a function of 
residual plastic strain. 
C. Proof Stress Measurement based on Method 3 
Based on method 3, the stress is reduced to about 10% of 
the unloading stress when the presumed proof stress is reached 
to obtain an alternative elastic modulus for proof stress 
determination. But, it is impossible to pre-identify when the 
proof strength is exceeded unless loading-unloading tests are 
conducted in advance. Here, based on previously conducted 
monotonic tests (tensile curves shown in Fig. 2), AE44, AM60 
and AZ91 were unloaded at 124 MPa, 118 MPa and 154 MPa 
respectively (0.2% proof stress values obtained from method 
1). The cyclic stress-strain curve for AE44 and the alternative 
elastic modulus (shown as dotted line) following method 3 are 
shown in Fig. 6. According to method 3 [1], the alternative 
elastic modulus must be tangential to the stress-strain curve 
and the point where this line crosses the abscissa is taken as 
the corrected origin. Hence, in this case, the alternative elastic 
modulus is offset from negative strain rather than at the origin 
as shown in Fig. 6. The 0.2% proof stress values and 
alternative elastic moduli used in method 3 for cast AE44, 
AM60 and AZ91 are summarized in Table IV. 
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Fig. 6.   0.2% proof stress measured by method 3  [1] for cast 
AE44. 
 
TABLE IV 
0.2% PROOF STRESS VALUES, σy (MPA) AND ALTERNATIVE ELASTIC MODULUS 
OBTAINED FROM METHOD 3.  
Mg Alloys 
σy (MPa) based 
on Method 3 
Alternative Elastic 
Modulus (GPa) 
AE44 147 33.3 
AM60 136 31.1 
AZ91 172 32.4 
IV. DISCUSSION 
 The 0.2% proof stress of Mg alloys reported in literature [9-
15] is often defined by method 1 due to its simplicity as 
compared to methods 2 and 3, but several features of 
phenomenon suggest that method 1 does not take the anelastic 
effect, εae into consideration. This is clearly seen when Fig. 2 
(monotonic stress-strain curves) is overlaid onto Figs. 4 and 6 
(cyclic stress-strain curves for methods 2 and 3 respectively) 
as shown in Fig. 7 for AE44, AM60 and AZ91. The flaws in 
these standardized methods are summarized as follows: 
1. The 0.2% proof stress measured by method 1 unloads to a 
significantly lower residual plastic strain, instead of 0.2% 
residual plastic strain upon the disappearance of anelastic 
deformation. Hence, method 1 significantly underestimates 
the proof stress of Mg alloys. 
2. Method 2 more accurately measures the 0.2% proof stress of 
Mg alloys, but it is almost impossible to pre-determine the 
stress or strain amplitudes which impart 0.2% permanent 
plastic deformation upon unloading. Hence, repeated 
loading-unloading tests have to be conducted, and this 
becomes time consuming and impractical. 
3. Method 3 provides inconsistent 0.2% proof stress value, 
depending on the unloading stress level. As mentioned 
earlier, secant elastic modulus decreases with increasing 
residual plastic strain. Hence, if AE44, AM60 and AZ91 
had been unloaded at higher stresses, the resulted lower 
alternative elastic modulus would have tilted the offset line 
forward, leading to higher proof stress values. In contrast, 
unloading at lower stress level would result in higher 
alternative elastic modulus, leading to a lower proof stress. 
value. 
4. The three methods provided different proof stress values for 
the same alloy tested.  
 
 
 
 
Fig. 7. 0.2% proof stress values measured by different ISO 6892-1 
methods for (a) AE44, (b) AM60 and (c) AZ91. 
Clearly, 0.2% proof stress measurement methods specified 
in ISO standard [1] analysis procedure needs to be re-
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evaluated due to the existence of anelastic strain and for 
simplicity purposes. 
Out of the three methods, method 2 is a more consistent and 
accurate method to follow, apart from its complexity. In 
contrast, methods 1 and 3 significantly underestimate the 0.2% 
proof stress values.  
IV. CONCLUSION 
The standardized ISO methods and their effects on 0.2% 
proof stress measurement of cast Mg alloys have been 
investigated. The following conclusions are drawn from this 
study: 
1. Method 1 does not account for the anelastic effect and 
significantly underestimates the 0.2% proof stress of Mg 
alloys. 
2. Method 2 is a more appropriate method, but it is often 
difficult to pre-determine the strain and stress which unloads 
to 0.2% plastic strain, unless all strains or stresses of interest 
are considered. Hence, repeated loading-unloading tests have 
to be conducted, and this becomes time consuming and 
impractical. 
3. Method 3 is not recommended as it provides inconsistent 
proof stress values depending on the unloading stresses.  
4. Inconsistencies in measured proof stress are found 
between and within these methods. Thus, the 0.2% proof 
stress measurement methods specified in ISO standard [1] 
analysis procedure needs to be re-evaluated. 
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Performance Evaluation of High-Pressure
Die-Cast Magnesium Alloys
Mark Easton, Suming Zhu, Mark Gibson, Trevor Abbott,
Hua Qian Ang, Xiaobo Chen, Nick Birbilis, and Gary Savage
Abstract
Over 90% of the magnesium (Mg) alloys in commercial applications are produced by
high-pressure die-casting. This paper presents our efforts in evaluating castability and
properties of commercial and near-commercial magnesium alloys to demonstrate how the
currently available alloys can be applied to different situations across a range of property
space. For high temperature applications, i.e. 175 °C and above, Mg–RE and Mg–Al–Ca
based alloys have creep properties at least comparable to aluminium (Al) alloy A380
although these alloys have some challenges with casting or cost. For moderate
temperatures, Mg–Al–RE based alloys, especially AE44, are most attractive due to an
excellent combination of creep resistance, strength and castability. For automotive
structural applications where a good combination of strength and ductility is required, Mg–
Al alloys provide the baseline, but Mg–Al–RE based alloys can provide outstanding
performance, especially with recent discoveries about its response to age hardening
treatments. Therefore, high-pressure die-cast Mg alloys hold great promise for continued
growth in automotive applications.
Keywords
Magnesium alloys  Castability  Creep  Property evaluation
Introduction
The great majority of the magnesium (Mg) alloys in com-
mercial applications are produced by high-pressure
die-casting [1]. There are a number of alloys that have
been designed for high-pressure die-casting, with the great
promise of better castability and improved properties par-
ticularly at higher temperatures. The main groups of alloys
relate to the addition of Ca [2], Sr [3], Si [4] and/or rare
earths (REs) [5, 6] to Mg–Al alloys and Mg–RE alloys [7–
9]. When the properties of alloys have been compared pre-
viously it has involved in trying to collate information from
different sources with alloys produced in different ways [10].
Hence it is difﬁcult to compare the alloys directly.
Recently the current authors have assessed the castability
[11, 12] and the mechanical properties of [13] of a wide
range of commercial and near commercial Mg high-pressure
die-cast alloys manufactured under the same conditions.
This paper brings together this work in an attempt to eval-
uate whether there are any stand-out alloys, particularly for
higher temperature applications.
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Alloys
This paper focuses on the most common commercial alloys,
AZ91 and AM60 and compares the properties and castability
with the range of commercial and near-commercial
Mg-based alloys. AS31 and MRI alloys have been used in
various powertrain applications, AJ62 was the Mg alloy used
in the BMW engine block, whilst AXJ530 was developed by
General Motors for similar applications. AE42/AE44 were
developed by Norsk Hydro Magnesium with AE44 ﬁnding
some commercial success. AE44-4 is the original version of
the alloy using misch-metal additions that contain four ele-
ments (La, Ce, Pr, Nd). However, due to the demand of Nd
in particular in magnets, two-element (La/Ce) misch metal is
substantially cheaper and is now used as a low cost AE44
variant. AM-HP2+ is an alloy developed by the CAST
Co-operative Research Centre as a premium
high-temperature high-pressure die-cast alloy [14]. The
compositions of the alloys are provided in Table 1.
Castability
A novel die was developed to assess the castability [12, 14].
The die was designed to create as many casting defects as
possible including flow defects from diverging and con-
verging flows, constrained difﬁcult to feed sections that hot
tear, and thin perpendicular sections to test the fluidity.
Each alloy was cast under four conditions: high and low
die temperature and high and low second stage velocity. An
example is shown in Fig. 1. Ten castings from each condi-
tion were rated for each of the alloys. Ratings on a 5-point
scale (0 worst, 5 best) for fluidity, cracking and surface
quality (spangling) were made by visual assessment of the
castings and the different alloys compared. The castability
rating results for the selected alloys are shown in Fig. 2.
As well as the visual assessment of the castings selected
castings were sectioned to investigate the defect distribution
within the casting. It was found that there was in general a
reasonable correlation between the visual observations and
qualitative assessment of porosity and crack distributions.
It should be pointed out that the visual assessments of the
castability did not take into account how the castability was
affected in two particular cases. One was that the alloys
containing Ca had melt handling issues. Primarily this was
evidenced by excessive blocking of the transfer tubes during
casting, which appeared to be strongly correlated with the
amount of Ca in the alloy. So the overall castability score
should be lower for MRI153A, MRI153M, MRI230D and
AXJ530 alloys compared to that based only on the visual
inspection of the casting. The second was that HP2+ showed
a tendency to hot tear in dog bone tensile samples, which is
related to the use of REs such as Nd [15] and Y [16] which
are hot tearing susceptible elements. However, through
careful element selection this tendency was minimised but
the overall castability score should be lower than from visual
inspection only.
Mechanical Properties
Round tensile bars 5.6 mm in diameter were cast (see [13]
for details) and underwent tensile testing at room tempera-
ture, 150 and 175 °C, and creep testing at 150 and 175 °C
across a range of stresses so that the creep strength could be
obtained. Figure 3 shows the room temperature 0.2% yield
Table 1 Chemical compositions (wt%) of the alloys in this study determined by Inductively Coupled Plasma—Optical Emission Spectroscopy
Alloy Al Si Ca Sr Sn Mn Zn Ce La Nd Pr Y
AZ91 8.88 – – – – 0.19 0.74 – – – – –
AM60 6.26 – – – – 0.29 0.1 – – – – –
AS31 3.52 0.56 – – – 0.27 – – – – – –
AJ52a 5.2 – 0.07 1.86 – 0.25a – – – – – –
MRI153A 8.32 – 1.01 0.09 – 0.22 0.75 – – – – –
MRI153M 7.73 – 1.06 0.30 – 0.25 – – – – – –
MRI230D 6.49 – 2.00 0.43 0.95 0.28 – – – – – –
AXJ530 4.49 – 3.44 0.17 – 0.25a – – – – – –
AE42 3.45 – – – – 0.31 – 1.45 0.60 0.41 0.1 –
AE44-4 3.73 – – – – 0.30 – 2.47 1.21 0.51 0.1a –
AE44-2 3.95 0.15 2.82 1.32
AM-HP2+ 0.05 – – – – – 0.42 0.99 1.65 0.96 – 0.08
Where the amount is not listed the composition is below the detectable range usually 0.01 wt%
aNote that it was planned to make AJ62, but the Al content was measured to be 5.2%, in other words AJ52
124 M. Easton et al.
strength plotted against ductility (elongation) whilst the
creep strength values (stress to produce 0.1% strain at 100 h)
at 150 and 175 °C are presented in Fig. 4 for the selected
Mg alloys. It is apparent that the HPDC Mg alloys lie on a
banana curve where the alloys with the higher yield strength
have a lower elongation and vice versa. At the high strength
end of the spectrum AXJ530 and MRI230D possess high
strength (*180 MPa) whilst maintaining elongations to
fracture of approximately 5%. MRI153A/M have lower
strength and better ductility, whilst AE44 appears to have a
better strength-elongation combination than AM60. In gen-
eral the higher strength alloys had the highest creep strength
(Fig. 4) with AM-HP2+ having the highest creep strength at
175 °C, with 5 alloys surpassing Al alloy A380. AE44 had
very high creep strength compared to its yield strength.
(a) (b) 
(d)(c)
Fig. 1 Pictures of one of the better castings a and c die temperature 250 °C and injection velocity 2.0 m/s, and worst castings b and d die
temperature 180 °C and injection velocity 1.3 m/s for AS31
Fig. 2 Average ratings for cracking, ﬁlling and spangling for the
selected Mg die casting alloys using the specially designed castability
die
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Fig. 3 The 0.2% yield strength plotted against elongation for the
selected Mg alloys. Al die-casting alloy A380 is included for
comparison
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Since this work was originally published there have been
a few other important developments. The ﬁrst is that the
approach to the measurement of yield strength has been
re-evaluated based on a consideration of the anelastic
behaviour of Mg alloys, where the permanent plastic strain is
much lower than based on a conventional 0.2% offset as
typically used. Based on loading-unloading tests of
high-pressure die-cast AZ91, AM60 and AE44 alloys it was
found that a 0.5% offset gives a much closer estimate of
0.2% permanent plastic deformation [17] (although it should
also be noted that this seems to vary with processing con-
ditions with decreasing grain size appearing to increase the
amount of anelasticity). Revised values of yield strength of
the selected Mg alloys are shown in Fig. 5.
The other surprising ﬁnding has been the role of Mn in
promoting age-hardening behaviour in AE alloys. Figure 6
shows the room temperature tensile curves of AE44-2 with
0.2 and 0.3% Mn additions before and after ageing at 200 °C
for 32 h. In AE44 yield strength increases of greater than
30 MPa for a T5 heat treatment have been observed with a
0.3%Mn addition whilst no age hardening response is
observed without the Mn addition [18]. Previously it has
been thought that it is the difference in creep properties in
particular have varied with different rare earths [19–22].
However, it is now evident that Mn plays a major effect on
the properties of these alloys and consequently all previously
observed differences need to be re-evaluated. In fact,
examples like the previously reported differences between
AE44-2 (containing only La and Ce) and AE44-4 (con-
taining La, Ce, Pr and Nd) [13] and the alloys containing
only one of each of the rare earths, at least qualitatively
relate to differences in Mn levels [22].
Corrosion
Corrosion properties on these alloys have not previously
been reported by the current authors. Corrosion plates
(30  50  2 mm) were cast. Polarisation tests to deter-
mine icorr and immersion tests to determine the weight loss
were performed (Fig. 7). See previous publications for
details [23]. The main reason for this is that the corrosion
response of the alloys was found to be relatively similar,
with most of the alloys showing a moderate increase in
corrosion rate over AZ91. AJ52 had a much higher corrosion
rate because Mn was not added to the alloy. Hence it is an
outlier and does not represent the actual corrosion rate of
AJ52/62, which is probably similar to the other alloys.
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Fig. 4 Creep strength (stress to produce 0.1% strain at 100 h) at 150
and 175 °C for the selected Mg alloys. Al die-casting alloy A380 is
included for comparison
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and 0.5% offset for the selected Mg die-casting alloys. Al die-casting
alloy A380 is included for comparison
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Fig. 6 Room temperature tensile curves showing the effect of ageing
in AE44-2 with 0.2 and 0.3% Mn additions
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Overall Evaluation
The ability to withstand high temperatures is only one factor,
albeit critical, for Mg alloys to be used in powertrain com-
ponents in automobiles. Two other key factors are castability
and cost. An alloy that is difﬁcult to cast into the required
components, due to cracking or ﬁlling problems, will not be
accepted by the automotive component industry. The cost will
become an issue if the price of creep resistance enhancing
elements is excessive or a non-standard procedure is required
for production. To aid the selection of Mg die-casting alloys,
an overall evaluation of theMg die-casting alloys investigated
is made in the present work by taking the combined influence
of creep resistance, castability and cost into account.
To correlate with the creep resistance, an overall castability
rating for the selectedMg die-casting alloys is used, which is an
average of the quality ratings ofﬁlling, cracking and spangling.
It should be pointed out that the Ca-containing alloys tend to
encounter melt handling difﬁculties due to excessive oxidation,
which can result in cloggingof the transfer tube in cold chamber
die casting machines. So the actual castability ratings of the
Ca-containing alloys are reduced to take into account melt
handing difﬁculties. It should also be noted that some alloys,
e.g. AM-HP2+, MRI230D and MRI153M showed some
propensity to hot tearing in the tensile samples, which will
downgrade the castability rating. Correlations between 0.1%
creep strengths at 150 and 175 °Cwith castability are shown in
Fig. 8 with the arrows showing how the alloy ratings could be
adjusted for these other factors. It is apparent that, among the
selected alloys, AE44, AE44 and AM-HP2+ are the most
promising, since they have a good combination of creep resis-
tance and castability.
An approximate indication of the material cost of the
selected Mg die-casting alloys is shown in Fig. 9, which is
presented as the material cost relative to that of AZ91. The
cost is calculated based on recent commodity prices
(September 6, 2016) of the constituent elements in the
alloys, which does not include production cost or yield loss
during melting. It should be pointed out that the commodity
prices vary from time to time and the materials cost data
presented here are just for comparison purposes. The mate-
rial cost is low for AS31, AJ52, MRI153A, MRI153M and
AXJ530 while AE44-4 and AM-HP2+ are considerably
more expensive than AZ91. It is noted that AE44-2 is much
cheaper than AE44-4, as a result of the exclusion of the
extremely expensive elements Nd and Pr. The 0.1% creep
strength at 150 and 175 °C plotted against material cost is
shown in Fig. 10. It can be seen that the highly
creep-resistant AE44-4 and AM-HP2+ suffer from high
material cost while low cost AS31, AJ52, MRI153A and
MRI153M have limited creep resistance. AXJ530, AE44-2
and MRI230D represent alloys with good creep resistance
yet relatively low cost.
Fig. 7 Plot of two commonly used corrosion parameters, the weight
loss during immersion testing and the icorr from polarisation tests
Fig. 8 0.1% creep strength at a 150 °C and b 175 °C plotted against
castability index (average index of ﬁlling and cracking) for the selected
Mg diecasting alloys. The arrows show decreases in the castability
related to melt handling (MRI153M, MRI230D and AXJ530) and hot
tearing resistance (AM-HP2+)
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Overall it is clear that high-pressure die-cast Mg alloys
have a very good suite of properties, which are even better
than the commonly used aluminium alloy, A380. At the high
performance end of the spectrum, AM-HP2+ has an excel-
lent set of properties and good castability but is expensive.
AXJ530 and MRI230D have excellent properties and rela-
tively low cost but there are issues with castability. For
moderate improvements in creep strength over AZ91, AS31
and MRI153A seem to be good choices being low cost with
relatively good castability. Overall, AE44 seems to be a
stand out alloy. The creep resistance is not as good as the
best alloys but still very good. It also has a very good
strength-ductility combination, particularly after T5 heat
treatment, and better than AM60 which is the incumbent
alloy for many structural applications. Also its castability is
very good. It appears that the use of low-cost RE elements,
Ce and La, and the elimination of higher cost REs, such as
Nd and Pr has little effect on the properties and consequently
the cost increase is not great.
Conclusions
An extensive evaluation of high-pressure die-cast Mg alloys
has been undertaken to evaluate the castability and proper-
ties of a range of commercial and commercial-ready alloys.
It is clear that Mg alloys have properties superior to the
incumbent Al alloy with relatively small cost increments
over AZ91. There are alloys with excellent high-temperature
properties that do have some challenges with castability
(MRI230D and AXJ530) or cost (AM-HP2+). There are
other alloys that provide moderate improvements in creep
performance over AZ91 with little cost increase (AS31 and
MRI153A). AE44 has an excellent combination of proper-
ties with good creep properties, castability and low cost with
the use of the more common REs.
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Abstract 
The tensile properties of high-pressure die-cast Mg-6Al-0.3Mn (AM60), Mg-9Al-1Zn (AZ91), 
and Mg-4Al-4RE (AE44), under strain rates ranging from 10-6 to 10-1 s-1 have been investigated. 
It was found that AE44 is highly strain rate sensitive, followed by AM60, whilst AZ91 has little 
strain-rate sensitivity, fitting with previous observations about a correlation between strain-rate 
sensitivity and the aluminium content. Ductility is improved at lower strain rates in AE44 and 
AM60, but it appears to be independent of strain rate in AZ91. The difference in strain-rate 
sensitivity among these alloys is considered to be related to dynamic strain aging (DSA) from 
interactions between the aluminium solute and dislocations.  
Introduction 
Strain-rate sensitivity (SRS) is an important parameter, especially in crash analysis. Magnesium 
(Mg) tends to show pronounced SRS due to the hexagonal close packed (HCP) crystal structure 
[1] and the SRS in Mg is manifest as an increase in work hardening and tensile/yield ratio [2].
This suggests that the performance of Mg alloys in terms of energy absorption can improve at
higher strain rates, and this can benefit crashworthiness.
Several researchers have investigated the effects of Al content on the SRS of Mg and alloys [2-
4]. Overall, these researchers reported a decrease in SRS with increasing Al content. However, 
Aune et al. [5] studied the behaviour of die-cast AM50, AM60 and AZ91 alloys at 15-130 s-1, but 
did not observe a significant change in SRS between alloys despite a difference in Al content. 
Similarly, Weiler and Wood [6] investigated sand-cast AE44 in similar strain rate range (100-
300 s-1) and did not observe any strain rate effect in AE44 despite its low Al content. It should be 
noted that the investigated strain rates in Aune et al. [5] and Weiler and Wood [6] fall in between 
quasi-static (typically < 100 s-1) and dynamic (≥ 103 s-1) domains while the investigated strain 
rates in these work [2-4] covered only the quasi-static strain rate range 10-6-10-1 s-1. Hence, it 
appears that SRS may vary with the applied strain rates. 
To further understand the effects of Al content and strain rate on the SRS of various commercial 
available die-cast Mg alloys AM60, AZ91 and AE44, uniaxial tensile tesing are performed to 
achieve strain rates ranging from 10-6-10-1 s-1. AM60 are most commonly used in applications 
where energy absorption is required while AZ91 is widely used for some structural components 
of automobiles, aircraft, and computers, because of its good combination of mechanical 
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properties and die-castability. AE44 was originally developed as a creep resistant alloy, but it has 
good combination of strength and ductility, especially after aging [8], this makes it attractive for 
structural applications [9]. 
Experimental Procedures 
Commercial high-pressure die-cast (HPDC) AM60, AZ91 and AE44 alloys cast into round 
tensile bars (100 mm long with a 36 mm parallel section in the gauge length and a diameter of 
5.6 mm) [7]. The chemical compositions in wt.% of these alloys analysed using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) are listed in Table I. Tensile tests were 
performed using a constant rate of crosshead displacement with nominal strain rates in the range 
from 10-6-10-1 s-1. A more comprehensive data has been submitted for review [8]. 
Table I. Chemical Compositions (wt.%) Determined by ICP-AES for the Alloys used in This 
Study.  
Alloy Al Mn RE (Ce+La) Zn Mg 
AM60 6.26 0.29 <0.01 0.1 Bal. 
AZ91 8.88 0.19 <0.01 0.74 Bal. 
AE44 3.67 0.31 3.83 <0.01 Bal. 
Results 
The tensile flow curves of AM60, AZ91, and AE44 Mg alloys tested at various strain rates, ε̇ are 
shown in Figure 1. The flow curves of AE44 consistently shift higher with increasing ε̇, 
increasing proof strength. The shift in flow curves of AM60 is a lot less visible, and even less so 
in AZ91. 
The effects of strain rate on strength and fracture strain (ductility) are shown in Figures 2 (a) and 
(b), respectively. In Figure 2 (a), 0.5% proof strength is used because die-cast Mg alloys tend to 
show pronounced anelasticity and the 0.5% offset is a closer approximation to the 0.2% 
permanent plastic strain [9]. The 0.5% proof strength shows a more visible increase with strain 
rate for AE44 while the increase is moderate for AM60 and AZ91. It is noted that tensile strength 
appears to be less sensitive to strain rate and remains almost constant across strain rates for all 
alloys. This could be due to the fact that the present alloys do not reach necking and the tensile 
strength is the stress at fracture. Ductility appears to increase with decreasing strain rate in AE44 
and AM60 while it appears to be independent of strain rate in AZ91 (Figure 2 (b)). 
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Figure 1. True stress-strain curves of (a) AM60, (b) AZ91 and (c) AE44 at different nominal 
strain rates, ε̇. 
Figure 2. Effects of strain rate on (a) strength (MPa) and (b) strain at fracture of AM60, AZ91, 
and AE44. The solid and empty filled symbols in (a) indicate the 0.5% proof strength and tensile 
strength, respectively. Data reproduced from [8]. 
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The differences in the levels of flow stress for different strain rates are indicative of SRS, 
represented by m = 𝛿 ln(σ)
𝛿 ln(ε̇ ) [1, 10, 11]. Figure 3 shows the variations of SRS with strain rate. It is 
clear that SRS appears to increase with decreasing strain rate in AE44, which is consistent with 
the observations from studies of pure Mg and other alloys [12-14]. There is, however, no 
consistent trend with AM60, where the SRS exhibits a slight decrease, followed by a slight 
increase with decreasing strain rate, but the difference in SRS is still small. Meanwhile, there is 
no visible change in SRS observed in AZ91. Overall, AE44 has the highest SRS, followed by 
AM60 and AZ91. 
Figure 3. The variations of SRS with strain rate at strain=0.03 for different alloys. The strain rate 
corresponds to the average of the upper and lower values.  Reproduced from [8]. 
Discussion 
Present results show that strain rate can greatly influence the strength and ductility of AE44, 
while the effect of strain rate is moderate in AM60, and small in AZ91. The main difference 
between these alloys is the Al content. The reduced SRS with increasing Al content is considered 
to be related to dynamic strain aging (DSA) due to the interaction of Al solute and dislocations. 
DSA effect does not always manifest itself as serrations on stress-strain curves as reported earlier 
[15, 16]. DSA in solid solutions involves diffusion of solute atoms to mobile dislocations while 
dislocations are temporarily arrested by other forest dislocations piercing through their slip 
planes [15, 17, 18]. As a consequence of DSA, the stress to keep the dislocations moving will 
increase at constant strain rates. As the time taken for dislocations to cut through the forest 
obstacles is inversely proportional to strain rate, the strengthening effect is lower at higher strain 
rates, bringing the flow curves closer and reducing the SRS. 
For AM and AZ Mg alloys, increasing Al content also increases the Al solute in α-Mg matrix, 
which further enhances the DSA effect and reduces the SRS. In the case of AE44, although Al is 
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still the dominant alloying element (4 wt.%), AE44 has significantly lower Al solute level in the 
α-Mg matrix as most of Al is in the form of Al-RE intermetallics [19-21]. Therefore, it is less 
likely to be affected by DSA. The net result is that the intrinsic SRS in Mg which is often 
attributed to the HCP crystal structure [1] is observed. AE44 also shows a higher SRS at lower 
strain rates (Figure 3) which is consistent with the SRS behaviour of pure Mg [13]. The 
diminished influence of DSA in AE44 causes the SRS behaviour to approach that of pure Mg. 
Conclusions 
In summary, this study has investigated the effect of strain rate on the commercial die-cast Mg 
alloys AM60, AZ91 and AE44 over a wide strain rate range 10-6-10-1 s-1. It is shown that the Al 
content can affect the SRS. The decrease in SRS with increasing Al content is likely related to 
DSA from the interaction of Al solute with dislocations. 
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